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Abstract

Previous studies have shown that exposing adults of the soil-dwelling nematode Caenorhabditis 

elegans to concentrations of ethanol in the range of 100 – 400 mM results in slowed locomotion, 

decreased fertility, and reduced longevity. On the contrary, lower concentrations of ethanol (0.86 – 

68 mM) have been shown to cause a two- to three-fold increase in the life span of animals in the 

stress resistant L1 larval stage in the absence of a food source. However, little is known about how 

gene and protein expression is altered by low concentrations of ethanol and the mechanism for the 

increased longevity. Therefore, we used biochemical assays and next generation mRNA 

sequencing to identify genes and biological pathways altered by ethanol. RNA-seq analysis of L1 

larvae incubated in the presence of 17 mM ethanol resulted in the significant differential 

expression of 649 genes, 274 of which were downregulated and 375 were upregulated. Many of 

the genes significantly altered were associated with the conversion of ethanol and triglycerides to 

acetyl-CoA and glucose, suggesting that ethanol is serving as an energy source in the increased 

longevity of the L1 larvae as well as a signal for fat utilization. We also asked if L1 larvae could 

sense ethanol and respond by directed movement. Although we found that L1 larvae can chemotax 

to benzaldehyde, we observed little or no chemotaxis to ethanol. Understanding how low 

concentrations of ethanol increase the lifespan of L1 larvae may provide insight into not only the 

longevity pathways in C. elegans, but also in those of higher organisms.
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1. Introduction

Although alcohol abuse in humans is a widespread socioeconomic and health problem, there 

is also evidence that moderate alcohol consumption may have cardiovascular benefits (1). 

However, the exact mechanisms by which ethanol modulates human physiology remain 

poorly understood. To better elucidate the effects of ethanol on the human brain, 

invertebrate organisms have been used as models because of their experimental 

manipulability, well-characterized and relatively simple anatomy, well-understood genetics, 

and relatively short lifespans (2, 3). In particular, the nematode Caenorhabditis elegans is 

commonly studied since the adult hermaphrodite contains only 959 somatic cells, including 

302 neurons (4–6). Despite being relatively simple in comparison to higher organisms, the 

neurobiology of C. elegans draws many parallels to vertebrates (7) and the behavioral 

responses of C. elegans to ethanol intoxication demonstrates some similarity to those 

observed in humans (8).

Found naturally in the soil around rotting vegetation, C. elegans proliferates on bacteria and 

small eukaryotes (9) and may be generally exposed to environments containing ethanol from 

microbial fermentation. Several reports suggest that C. elegans limits the internal ethanol 

concentration to approximately 20 mM (10–12), a level similar to that associated with 

human intoxication. Other evidence suggests the cuticle is somewhat permeable and allows 

for the internal ethanol concentration to equilibrate to that of the environment (8). 

Regardless, the half maximal effective concentration (EC50) for the loss of mobility in adult 

animals exposed to ethanol occurs at external concentrations of approximately 1 M (13), and 

24-hour lethality is observed for animals incubated at concentrations exceeding 1.8 M (14). 

The exposure of adult animals to 0.5–1.7 M ethanol results in a decreased number of body 

bends and speed during locomotion, shortened body length, developmental delays, in 

addition to decreased feeding and egg laying (10, 15, 16). Adults exposed to 0.1–0.4 M 

ethanol have decreased size, motility, and fertility, while developing animals have delayed 

development, growth, and reproductive maturity (14, 17). The chronic exposure of 

developing larvae or adults incubated on E. coli seeded plates containing 0.1–0.4 M ethanol 

resulted in no effect or a decrease in longevity (17). Furthermore, eggs, young larvae, or 

young adults incubated with 0.69 M ethanol had shortened lifespans (18).

Although ethanol has negative effects at high concentrations on C. elegans, low levels of 

ethanol are surprisingly beneficial to longevity in the stress-resistant L1 larval stage. Castro 

et al. found half-survival for L1 larvae of 10–15 days under starvation conditions in minimal 

M9 media, while larvae incubated in the presence of M9 media supplemented with 1 mM 

ethanol had half-survival times of 25–32 days (19). L1 larvae incubated at higher levels of 

ethanol (up to 68 mM) showed similar longevity increases, but none of these ethanol 

concentrations were sufficient for the animals to progress to the L2 stage (19). Although 

deuterated ethanol is metabolized into fatty acids (e.g. stearic and palmitic acid) and amino 
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acids (e.g. glutamate and proline) (19), the genes and biological pathways altered by these 

low concentrations of ethanol are unknown. The longevity extension by a low concentration 

of ethanol (1 mM) in L1 larvae has recently been confirmed in another study (20). A very 

modest degree of lifespan extension (up to about 1.2-fold) has been observed for mixed 

stage worms in the presence of 170 – 340 mM ethanol (18). Interestingly, adult animals 

incubated with low concentrations of ethanol (17–52 mM) exhibit hyperactivity (14).

Although previous studies have explored by microarray and RNA-seq the C. elegans gene 

expression changes in response to generally harmful high concentrations of ethanol (0.2–1.2 

M) (21, 22), it is unclear what genes are altered by the lower beneficial levels. In this study, 

we performed RNA-seq on L1 larvae chronically exposed to the 17 mM ethanol 

concentration previously observed to extend lifespan (19) and discovered significant 

alterations in the expression of many genes associated with ethanol metabolism and fatty 

acid β-oxidation. Because mRNA levels for the sodh-1 alcohol dehydrogenase was found to 

be upregulated in our RNA-seq data, we biochemically provide evidence for an increase in 

this enzymatic activity. Finally, we show that L1 larvae are largely unable to chemotax 

towards or away from various concentrations of ethanol, suggesting that these animals will 

not seek out environmental sources of this compound even though they markedly change 

their gene expression in response to the compound.

2. Materials and Methods

2.1. C. elegans husbandry

The Bristol N2 C. elegans strain was used in this study. Nematodes were maintained at 20 or 

25 °C on 10 cm × 1.5 cm polystyrene petri dish plates with 2% agar nematode growth 

medium (NGM, 20 g/l bacto agar (BD Biosciences, catalog # 214030), 2.5 g/l bacto peptone 

(BD Biosciences, catalog # 211820), 3 g/l NaCl, 1 ml of 1 M CaCl2 per liter, 1 ml of 1 M 

MgSO4 per liter, 25 ml of 1 M potassium phosphate, pH 6, per liter, and 1 ml of 5 mg/ml 

cholesterol (prepared in ethanol) per liter). The plates were spotted with 50–150 µl of a 50-

fold concentrate of OP50 E. coli cultured overnight in Luria Broth (BD Biosciences, catalog 

# 244610) supplemented with 50 µg/ml streptomycin (Sigma, catalog # S6501). The worms 

on these plates were spotted every 3–4 days with 50–150 µl of OP50 E. coli and kept for 2–3 

weeks as maintenance plates.

2.2. Egg harvesting by bleach treatment

A 10-cm NGM maintenance plate with a mixed population of N2 animals was diced into 

approximately 0.5-cm × 0.5-cm × 0.5-cm cubes that were individually transferred to fresh 

NGM plates with OP50 E. coli and incubated at 25 °C for 3 d to obtain gravid adults. To 

isolate the animals, the plates were washed with cold M9 minimal media (22 mM 

KH2PO442 mM Na2HPO486 mM NaCl, and 1 mM MgSO4) and collected in 15 ml 

polypropylene conical tubes. The worms were centrifuged at 600 × g for 2 min at 4 °C and 

the supernatant was aspirated. The gravid adults were isolated by resuspending the worms in 

10 ml of cold 30% sucrose and centrifuging at 2,190 × g for 5 min at 4 °C. The sucrose 

separated worms were transferred to a 15 ml conical tube with cold M9 media. The worms 

were pelleted at 2,000 × g for 2 min, and the supernatant was aspirated. Subsequently, the 
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worms were washed approximately 5 times with cold M9 media with centrifugation at 600 × 

g for 2 min. After the final wash, the worm pellet was resuspended in 5 ml of freshly made 

bleaching solution (12.5 ml Clorox bleach (6.2 percent sodium hypochlorite), 6 ml of 5 M 

NaOH, and 31.5 ml of water) and quickly pelleted in a clinical centrifuge at setting 5 (796 × 

g) for 30 s (International Clinical Centrifuge, model CL, Rotor 221 6-place horizontal 

swinging-bucket with 303 shield). The supernatant was aspirated and the pellet was 

resuspended in 10 ml of bleaching solution. The worms were fragmented by alternating 

between 30 s of vortexing at setting 10 and 15 s on ice, and the release of eggs from the 

gravid adults was monitored by microscopy. After no more than 6 min, the solution was 

centrifuged at setting 5 (796 × g) in a clinical centrifuge for 30 s and the eggs in the pellet 

were washed with cold M9 media 5 times to remove residual bleaching solution.

2.3. RNA extraction from L1 larvae treated with ethanol

Eggs were harvested from approximately 200 10-cm worm plates as described above, with 

the exception that agarose (Fisher Scientific, genetic analysis grade, catalog # BP1356-500) 

was used in the NGM plates instead of agar. The eggs were divided equally and placed in 

two 250 ml baffled flasks (capped with stainless steel closures) with 70 ml of M9 media and 

incubated at 20 °C and 160 rpm (New Brunswick Scientific, Innova 4330). The eggs were 

allowed 24 h to hatch into L1 larvae, at which time either a final concentration of 17.1 mM 

ethanol (0.1% v/v; Acros, 200 proof, catalog # 61509-0010) or an equivalent amount of 

water was added to the experimental and control flasks, respectively. After 4 days of 

incubation, the flasks were transferred to 50 ml polypropylene conical tubes and centrifuged 

at 5,250 × g for 5 min at 4 °C. The supernatant was aspirated, and the animals were 

resuspended in 1 ml of M9 media and transferred to RNase/DNase free 1.5 ml 

microcentrifuge tubes. The worms were centrifuged at 5,250 × g for 5 min at 4 °C and the 

supernatant was removed. Approximately 25 µl of packed L1 larvae were resuspended in 0.1 

ml of TRIzol reagent (Invitrogen, catalog # 15596-026) and an equal volume of 0.5 mm 

glass beads (BioSpec, catalog # 11079105). The samples were vortexed for 4 min followed 

by two freeze-thaw cycles using liquid nitrogen and a 37 °C water bath. A further 50 µl of 

TRIzol reagent was added and the worms were vortexed for an additional 2 min. 100 µl of 

chloroform was added to the samples and the tubes were shaken by hand for 30 s. The tubes 

were incubated at room temperature for 3 min prior to centrifugation at 12,000 × g for 15 

min at 4 °C. The top aqueous layer was carefully removed, transferred to a 1.5 ml 

microcentrifuge tube, mixed with 150 µl of isopropanol, and incubated at room temperature 

for 15 min. An equal volume (~ 250 µl) of 70% ethanol was subsequently added and the 

samples were mixed well before the RNA was purified using an RNeasy Total RNA Kit 

(Qiagen, catalog # 74104) according to the manufacturer's instructions. DNA contaminants 

were digested on the spin column using the DNA Free kit (Life Technologies, catalog # 

AM1906) as indicated in the manufacturer's instructions. The RNA was eluted from the spin 

column membrane in 50 µl of RNase-free water.

2.4 RNA sequencing analysis

RNA sequencing libraries starting from approximately 1 µg of extracted total RNA were 

constructed with the TruSeq RNA Sample Prep Kits v2 from Illumina. The control and the 

ethanol-treated RNA samples were indexed with different adapters and pooled for single-
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end 50 base pair sequencing on an Illumina HiSeq2000. This procedure was repeated with 

an independent experiment on freshly prepared RNA samples four months later. This 

resulted in a total of two controls and two ethanol-treated RNA samples.

RNA-seq reads were aligned with TopHat v2.0.8b (23) to the Caenorhabditis elegans 

genome, version WS220. The average TopHat alignment rate was 83.80%, resulting in an 

average of 74 million reads per sample. Transcripts were assessed by Cufflinks (v2.1.1) (24) 

using a GTF file based on Ensembl Caenorhabditis elegans WS220. Differentially 

expressed genes were found by Cuffdiff, with significant genes satisfying a threshold of 

false discovery rate (FDR) multiple testing corrected p-value (q-value) of less than 0.05 

when the data from the two separate controls and ethanol-treated samples were combined for 

analysis. However, when comparing the control versus ethanol-treated samples in the 

individual experiments, we used a higher q-value of 0.1. These q-value levels imply that 

only 5 to 10% of the significant genes identified will be false positives. Genes whose 

expression was significantly altered with ethanol treatment were further analyzed by the 

Database for Annotation, Visualization, and Integrated Discovery (DAVID) (25, 26). Data 

were visualized by cummeRbund v2.0.0.

2.5. Preparation of C. elegans protein extracts

Approximately 100 NGM plates with gravid adults were washed with M9 media and 

separated by sucrose floatation as described in Section 2.2. Mixed populations of animals 

were obtained from the sucrose floatation and washed with M9 media as described in 

Section 2.2. Eggs were prepared by bleach treatment of the mixed population of animals as 

described in Section 2.2. The mixed animals and egg preparations were incubated in culture 

test tubes (Fisher Scientific, catalog # 14-956-6D) with 5 ml of M9 medium supplemented 

with or without a final concentration of 17 mM ethanol. After three days of incubation at 20 

°C and 160 rpm, the mixed animals or L1 larvae were pelleted at 5,000 × g for 5 min at 4 

°C. The pellets were transferred to 1.5 ml microcentrifuge tubes and washed an additional 

three times with ice-cold M9 medium at 5,000 × g and 4 °C. After the final wash, the 

supernatant was aspirated and the mixed animals and L1 larvae pellets were resuspended in 

200–500 µl of lysis buffer containing 50 mM Tris-HCl, pH 7.5, 0.7 mM PMSF (dissolved in 

isopropanol), and a Roche Complete Protease Inhibitor tablet with EDTA (catalog # 

11836145001, 1 tablet per 25 ml). The samples were frozen in liquid nitrogen and thawed by 

hand warming for three cycles, and then vortexed (10 min for L1 larvae and 20 min for 

mixed worm populations) with an equal volume of 0.5 mm diameter glass beads (BioSpec, 

catalog # 11079105) at 4 °C. After the glass beads were removed, the samples were 

centrifuged at 20,000 × g for 20 min at 4 °C. The protein concentrations of extracts were 

quantified by Lowry assays after precipitation with 10% trichloroacetic acid. The assays 

were performed in duplicate with 5 µl of extract and bovine serum albumin was used as the 

standard.

2.6. Alcohol dehydrogenase assay

Alcohol dehydrogenase activity in worm extracts were measured through the reduction of 

NAD+ to NADH. In a total volume of 300 µl, 60 µl of protein extract was incubated with 

161 µl of 32 mM pyrophosphate buffer, pH 8.8, 31 µl of 6 mM NAD+ (0.62 mM final 
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concentration), and 48 µl of 5% ethanol (137 mM final concentration). The conversion of 

NAD+ to NADH as indicated by the absorbance at 340 nm was measured over 10 min in a 

96-well plate using a SpectraMax® M5 microplate reader. The specific activity of each 

extract was calculated based on the change in absorbance at 340 nm over the first 200 s of 

the assay and normalized to the total protein content.

2.7. Chemotaxis and ethanol preference assays

L1 larvae chemotaxis assays were performed after the procedures described by Bargmann et 

al. (27), Hart (28), and Kauffman et al. (29). Briefly, eggs were obtained from gravid adults 

as described above and incubated for 24 h at 20 °C on 10-cm NGM plates without a food 

source. The resulting L1 larvae were washed from the plates using modified S-basal medium 

lacking cholesterol (5.8 g/l NaCl, 50 ml/l of 1M potassium phosphate, pH 6) at room 

temperature into a 15 ml conical tube. After the larvae were allowed to sediment by gravity, 

the supernatant was aspirated and the pellet transferred to a microcentrifuge tube. The larvae 

were washed an additional two times with 1 ml of modified S-basal medium at room 

temperature as described above. The larvae were resuspended in 1 ml of room temperature 

water, allowed to sediment by gravity, and the supernatant was aspirated to give a final 

volume of 100–200 µl (~25–100 animals/µl). Chemotaxis plates (6 cm × 1.5 cm polystyrene 

petri dishes, 1.7% agar, 1 mM CaCl21 mM MgSO45 mM potassium phosphate, pH 6) were 

prepared on the same day as the analysis and dried without their lids at room temperature in 

a biosafety cabinet for 2–3 h. The center of the plates were marked as the origin, and 1 µl of 

0.5 M sodium azide was pipetted onto two spots located 180 degrees apart and 2 cm from 

the origin. After the sodium azide was absorbed into the plate, 5 µl of a test odorant was 

applied to one spot while a control (water) odorant was applied to the other spot. 

Immediately after, approximately 50–150 animals in 2 µl of water were pipetted at the origin 

and the chemotaxis plate was incubated in the dark at room temperature for 3 h. The animals 

were scored only if they migrated at least 0.5 cm from the origin onto either the test or 

control half of the plate. A chemotaxis index (CI) (27) ranging from −1 to 1 was calculated 

using the following equation: (number of worms in test odorant half – number of worms in 

control half) / (total number of worms added to the plate). Statistical significance was 

determined using Student’s t-test.

Ethanol pre-treatment experiments were performed as previously described by Davies et al. 

(30) and Lee et al. (31). Briefly, chemotaxis plates were prepared as described above but 

were 10 cm in diameter. To determine the volume of agar in the plates, a representative plate 

was cut into small pieces, transferred to a 50 ml falcon tube, and heated until liquid. Based 

on the volume of agar, ethanol was added to the top of each plate to obtain a final ethanol 

concentration of 0, 17 mM, or 400 mM. The plates were parafilmed and gently swirled to 

distribute the ethanol evenly over the surface. The plates were allowed to equilibrate for 2–3 

h at room temperature before C. elegans eggs prepared as previously described were added 

to the plates. The plates were parafilmed and incubated at 20 °C for 20–24 h. Subsequently, 

the L1 larvae were washed from the plates with modified S-basal medium and analyzed by 

chemotaxis assay as previously described.
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3. Results

3.1. Low concentrations of ethanol alter the expression of many L1 larval genes under 
starvation

To determine how gene expression is altered in L1 larvae by low amounts of ethanol, we 

compared by next generation sequencing the mRNA levels from animals incubated for 4 

days at 20 °C in M9 media in the absence of a food source to those incubated under similar 

conditions in M9 media supplemented with 17 mM ethanol. Using the Cuffdiff RNA-Seq 

analysis tool (24), we searched for genes with significantly altered RNA expression in 

response to ethanol, which we defined as changes with a q-value ≤ 0.1. We found RNA 

expression from a total of 136 genes to be significantly altered (Supplemental Figure 1A and 

B), with 49 and 87 genes downregulated or upregulated, respectively. These differentially 

expressed genes were all altered at least 7-fold (Supplemental Table 1). We independently 

replicated this experiment, and found 64 genes significantly altered (Supplemental Figure 

1A and C) with 21 genes downregulated (at least 7-fold) and 43 genes upregulated (at least 

10-fold) (Supplemental Table 2). When we searched for similarly down- and upregulated 

genes in the replicates, we found 7 genes that were downregulated (at least 9-fold) in both 

experiments and 27 genes upregulated (at least 10-fold) in both experiments (Table 1). A 

heat map and volcano plot view of the expressed genes qualitatively showed that the control 

and ethanol treated replicate experiments were relatively similar (Supplemental Figure 1). 

To quantitatively analyze the inter-replicate similarity between the two control and the two 

ethanol-treated RNA-seq samples, we used a Pearson correlation coefficient test of gene 

expression to statistically determine the overall similarity of the biological replicates. The 

control and ethanol-treated replicates were highly correlated, with a Pearson correlation 

value for both conditions greater than 0.90.

When we subsequently analyzed the data from all four samples together with Cuffdiff, we 

found 649 genes significantly altered (Figure 1), with 274 and 375 genes downregulated and 

upregulated at least 2-fold, respectively, in response to 17 mM ethanol. These genes 

included all 7 of the downregulated genes and all 27 of the upregulated genes identified in 

Table 1. About 60% of the downregulated genes and 40% of the upregulated genes have 

uncharacterized function according to WormBase (version WS214). A DAVID analysis of 

the differentially expressed genes indicated ethanol affects many biological pathways, 

including those associated with oxidation-reduction activity, proteolysis, nitrogen compound 

biosynthetic processes, the determination of lifespan, and cofactor metabolic processes 

(Table 2).

Of the top 30 significantly downregulated genes (including 5 genes described in Table 1), 15 

genes (50 percent) are of unknown function, with the remainder representing a diverse array 

of functions, including a metallothionein (mtl-2) and an acid sphingomyelinase (asm-3) 

associated with the DAF-2 insulin-like signaling pathway (Table 3). It is unclear how these 

changes would be associated with the presence of ethanol in the media.

Of the top 30 significantly upregulated genes from the combined data set (including 13 

genes described in Table 1), 19 genes (~63 percent) have uncharacterized function as 

denoted by WormBase (Table 3). Genes with annotated function included a flavin-
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containing monooxygenase (fmo-2), a chitinase (chil-28), a C-type lectin (clec-47), and an 

ABC transporter (pmp-5) (Table 3). Significantly, a number of genes associated with ethanol 

metabolism were upregulated. In C. elegans, ethanol metabolism involves its oxidation by 

an alcohol dehydrogenase to acetaldehyde, followed by a second oxidation by an aldehyde 

dehydrogenase to give acetic acid (12). In our RNA-seq analysis, the alcohol dehydrogenase 

sodh-1 was upregulated 103-fold, while the aldehyde dehydrogenases alh-1, alh-2, and alh-5 

were upregulated approximately 5-, 64-, and 4-fold, respectively (Table 3, Figure 2). 

Furthermore, acs-19, whose product is predicted to form acetyl-CoA from acetic acid (32) 

and closely matches the human acetyl-CoA synthetases ACSS1 and ACSS2 in BLAST 

searches (data not shown), was upregulated 6-fold. These latter results show that the larvae 

alter their gene expression in a way that would be expected to greatly facilitate the 

conversion of ethanol to acetyl-CoA.

Because of the observed 103-fold upregulation of sodh-1 mRNA encoding an alcohol 

dehydrogenase, we wanted to confirm that this change would be accompanied by an overall 

change in an enzymatic activity catalyzing ethanol oxidation. We thus quantified this 

activity in vitro by analyzing the ethanol-dependent conversion of NAD to NADH in worm 

extracts. In lysates derived from a mixed population of animals, the average ethanol 

dehydrogenase activity was approximately 2.5 nmol of NADH/min/mg of protein extract 

(Table 4). When a similar population of worms was cultured in the presence of 17 mM 

ethanol for 3 days, ethanol dehydrogenase activity increased over 4-fold to 8.6 nmol of 

NADH/min/mg of protein extract (Table 4). Likewise, in protein extracts made from L1 

larvae cultured with and without 17 mM ethanol for 3 days, dehydrogenase activity 

increased approximately 8-fold, from 3 to 28 nmol of NADH/min/mg of protein extract 

(Table 4). Although this in vitro assay does not explicitly measure SODH-1 activity in 

extracts, but rather global alcohol dehydrogenase activity, these results support the 

conclusion that ethanol-dependent dehydrogenase activity is greatly increased in animals 

treated with ethanol.

Because it is known that ethanol is metabolized into fatty acids via acetyl-CoA (19), we 

were particularly interested in genes associated with fatty acid metabolism that were 

differentially expressed in the presence of ethanol. Indeed, we found a number of genes 

associated with the synthesis and storage of fatty acids. The progestin and adipoQ receptor 1 

protein (paqr-1), a seven transmembrane domain containing protein that promotes fatty acid 

usage over storage (33), was downregulated approximately 7- fold (Table 2), although we 

observed no significant change in paqr-2. Paqr-1/paqr-2 double mutants have excess fat 

storage and cold adaptation defects, the latter suggesting these proteins may help to maintain 

membrane fluidity by regulating the formation of unsaturated fatty acids (33–35). Fat-5, a 

Δ9 desaturase associated with the conversion of saturated fatty acyl-CoAs to 

monounsaturated fatty acyl-CoAs and eventually triglycerides (36, 37), was upregulated 42-

fold (Table 2, Figure 2). Finally, previous research has found that the triglyceride lipases 

lipl-2, lipl-3, lipl-4, lipl-5 were upregulated in fasted animals (38). Although we did not 

observe a change in lipl-7, lipl-3 and lipl-4 were upregulated 17- and 34-fold, respectively, 

and encode triglyceride lipases that not only are involved in lipid hydrolysis and the 

liberation of fatty acids, but also longevity (38–40). Finally, we found that lipl-2 and lipl-5 
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were downregulated 6-fold and 4-fold, respectively. It is at present unclear what the net 

effect of these changes in gene expression would have on fat storage.

However, we found clear evidence for the increased expression of genes involved in the β-

oxidation breakdown pathway of fatty acids. The acyl-CoA synthetase acs-2, required for 

the activation of fatty acids for β-oxidation (41), and the carnitine-palmitoyl-transferases 

cpt-3 and cpt-5, which shuttle these activated molecules into the mitochondrial matrix (41–

43), were upregulated 217-, 9-, and 11-fold, respectively (Table 3, Figure 2). Finally, the 

short-chain acyl-CoA dehydrogenase acdh-1 (41) and the predicted 3’-OH acyl-CoA 

dehydrogenase hacd-1 (41) were upregulated 99- and 62-fold, respectively (Table 3, Figure 

2). These results suggest that ethanol treatment may mobilize the triglyceride pool for 

conversion to acetyl-CoA.

The RNA-seq results described above suggest that low amounts of ethanol promote the 

formation of acetyl-CoA either by direct ethanol metabolism or by the β-oxidation of fatty 

acids. Acetyl-CoA is an important molecule because it can enter the tricarboxylic acid cycle 

to not only provide cells with ATP via the electron transport chain but also intermediates 

such as isocitrate that can be converted to sugars via the glyoxylate shunt. We found that the 

idh-1 gene, predicted to be a cytosolic isocitrate dehydrogenase 1 (idh-1), was 

approximately 4-fold upregulated in response to ethanol (Table 2, Figure 2). Isocitrate is 

metabolized to α-ketoglutarate by the idh-1 gene product; the latter intermediate can be 

readily converted to the amino acids glutamate and proline, found previously to incorporate 

label from deuterated ethanol under the conditions used here (19). The gene gei-7 predicted 

to encode the isocitrate lyase/malate synthase of the glyoxylate shunt was found to be 

upregulated 31-fold by ethanol treatment. This pathway converts the products of fatty acid 

β-oxidation into sugars via gluconeogenesis, suggesting that carbohydrate synthesis may be 

important to survival. As hypothesized by Van Gilst et al. (41), the metabolism of stored fat 

may provide sufficient energy for L1 larvae to endure longer in poor nutrient conditions. All 

in all, these results indicate that C. elegans L1 larvae dramatically change gene expression in 

response to low levels of ethanol that allow them to greatly extend their longevity under 

starvation conditions.

3.2. Lack of a robust chemotactic response of C. elegans L1 larvae to ethanol

The natural environment of C. elegans often involves exposure to rotting vegetation that is 

associated with the presence of ethanol. Based on the beneficial effects we have observed 

with low concentrations of ethanol in the media, we hypothesized that starved L1 larvae may 

sense ethanol and migrate to this molecule. To our knowledge, it is unknown whether L1 

larvae of C. elegans are capable of chemotaxis to any attractant or repellant. Using the assay 

described in Figure 3A and the "Materials and Methods" section, we thus measured the 

chemotaxis index (CI) of L1 larvae to low (0.5%) and high (100%) concentrations of 

benzaldehyde, known chemoattractant and chemorepellant conditions for adult animals, 

respectively (27, 44). We found that the L1 larvae were capable of chemotaxis and were 

attracted and repelled by the low and high concentrations of benzaldehyde, respectively 

(Figure 3B). However, when testing these animals to various concentrations of ethanol, we 

found little or no chemotaxis (Figure 3B). These results are similar to those observed by 
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Bargmann et al. (27) in well-fed adult animals where ethanol was observed to be a neutral or 

slightly chemoattractive molecule. Because it was previously observed that adult C. elegans 

could recognize ethanol as a moderate chemoattractant if they were pre-exposed for 4 hours 

or raised on ethanol (31), we allowed eggs to hatch into L1 larvae for 24 hours on plates 

with a final concentration of 17 mM or 400 mM ethanol. However, such pre-exposure of L1 

larvae did not result in any significant chemotaxis to 0.1%, 1%, or 5% ethanol. Combined, 

the chemotaxis data from C. elegans L1 larvae suggest that ethanol may be neutral or only a 

slight chemoattractant, although they certainly respond to its presence by altering their gene 

expression.

4. Discussion

In order to fully understand the genetic and biochemical mechanisms involved in the effects 

of ethanol on humans, invertebrates are often used as model systems to study possible 

conserved pathways. One commonly used invertebrate is Drosophila melanogaster, which 

exhibits sexually dimorphic aversive and attractive behavioral changes in response to acute 

ethanol exposure akin to higher organisms (45–47). Furthermore, D. melanogaster not only 

prefers food that contains ethanol increasingly over time, but also prefers to lay eggs on 

ethanol-containing media (48–50). In the invertebrate C. elegans, which also can live in 

environments where ethanol is present, such behaviors have not been observed and studies 

have focused largely on the negative effects of high levels of ethanol on adult behavior and 

physiology (10, 13–18). Much less is known about the effects of low ethanol concentrations. 

However, recent findings have shown beneficial effects in starved L1 larvae incubated in as 

little as 0.86 mM ethanol, with a doubled lifespan and the ability to metabolize the ethanol 

into fatty acids and amino acids (19, 20). In nature, C. elegans often lays its eggs in nutrient 

poor conditions, and the stress-resistant L1 larval stage allows these worms a period of 

approximately 2 weeks to find food (9, 51–53). The presence of low levels of ethanol in the 

environment could thus potentially extend this period to about a month and enhance the 

survival of the species.

The mechanism of the enhanced survival of starved L1 larvae to ethanol is not known. In 

this study, we explored changes in gene expression in response to low levels of ethanol. 

Previously, a microarray study on a mixed population of worms incubated in liquid with a 

high concentration of ethanol (1.2 M) found 230 genes differentially expressed (22), only 29 

of these genes were also found in the present study with 0.017 M ethanol (Table 5). Of the 

shared genes, 5 were similarly down-or upregulated, and included a saposin-like protein, an 

infection response gene, and an UDP-glucuronosyltransferase. Interestingly, the high 

concentration of ethanol did not result in the significant changes in expression of genes 

involved in ethanol and fatty acid metabolism observed in the present study. Additionally, 

the expression of many heat shock protein genes were induced by 1.2 M ethanol (22), 

although only Hsp-12.6 was altered (downregulated) in our study. An additional study 

exposed animals from the egg up until the L4 stage to 0.2 M ethanol on plates seeded with 

E. coli and found 1122 differentially altered genes (21). Only 53 of these genes were also 

identified in our study, of which only 35 were similarly down-or upregulated and included 

stress and detoxification genes such as those of the cytochrome P-450 family, a flavin-

containing monooxygenase, and a glutathione S-transferase, as well as the sodh-1, hacd-1, 
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and fat-5 genes involved in ethanol and fat metabolism (Table 5, Figure 2). The differences 

in altered genes between these previous two studies and the present study highlights the 

possibility that different pathways are activated depending on ethanol concentration and the 

stage at which the animals are exposed to ethanol. Finally, previous studies using genetic 

screens and phenotype analysis identified the BK potassium channel SLO-1 and the 

neuropeptide Y receptor-like protein NPR-1 as two proteins involved in the acute response 

to 20 mM to 500 mM ethanol (10, 11, 54). However, we did not observe changes in the 

expression of these genes in our study using 17 mM ethanol.

Significantly, we observed that low concentrations of ethanol increased the expression of 

many genes associated with not only ethanol metabolism, but also fatty acid β-oxidation 

(Figure 2). The end product of both of these reactions is the formation of acetyl-CoA, which 

can be used to synthesize fatty acids, enter the tricarboxylic acid cycle and form amino acids 

or glucose via the glyoxylate pathway, or be oxidized to carbon dioxide with ATP 

production in the electron transport pathway. Interestingly, the predicted isocitrate lyase/

malate synthase of the glyoxylate cycle, encoded by gei-7, is upregulated in worms treated 

with ethanol. The expression of gei-7 is also increased in daf-2 deficient conditions (55) and 

is an essential player in gluconeogenesis from acetyl-CoA.

The present study investigates the importance of ethanol on starved L1 larvae (52). 

Interestingly, the addition of glucose to L1 larvae deficient in the energy sensor AMP-

dependent protein kinase (AMPK), a mutant with reduced longevity, restores lifespan (20, 

52, 56). The addition of glucose to wild type L1 larvae also increases longevity. We propose 

that L1 larvae exposed to low ethanol concentrations upregulate genes associated with 

acetyl-CoA formation in order to potentially produce increased levels of glucose. Although 

this may provide enough energy to produce basal amounts of necessary biomolecules and 

survive longer in starvation conditions, it is not sufficient to proceed to subsequent larval 

developmental stages.

It has previously been shown that Caenorhabditis sp. can use ethanol as an energy source 

(57) and C. briggsae incubated in ethanol concentrations similar to the present study have 

significantly increased population growth (58). Furthermore, L1 larvae lacking sodh-1 do 

not have increased survival when incubated with ethanol (20), presumably because they are 

unable to metabolize the ethanol. Although we did not explicitly test SODH-1 activity, we 

have determined that ethanol-dependent alcohol dehydrogenase activity is increased in L1 

larvae and mixed populations of animals grown in low concentrations of ethanol. In its 

natural environment C. elegans may often be immersed in ethanol secreted by microbes. For 

example, unripe/ripe fruit can contain approximately 0.9 – 124 mM ethanol (59–62), while 

rotting vegetation can contain up to approximately 1 M ethanol (63). Ethanol may therefore 

serve as an important natural energy requirement, allowing for L1 larvae to survive longer 

periods of time in order to find a more complete supply of food. Finally, a full understanding 

of the beneficial effects of ethanol on C. elegans may provide insights into how consuming 

small amounts of ethanol may be beneficial to humans (1).
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Highlights

• Caenorhabditis elegans L1 larvae were incubated in minimal media with 17 

mM ethanol.

• Differential gene expression was analyzed by RNA-seq.

• Ethanol altered the expression of genes associated with ethanol and fatty acid 

metabolism.

• Animals incubated with ethanol have increased alcohol dehydrogenase activity.

• Adult nematodes and L1 larvae chemotax, but are unable to move towards or 

away from ethanol.
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Figure 1. Heatmap and volcano plot representations of the expression of C. elegans L1 larval 
genes altered in the presence of ethanol under starvation conditions
RNA was purified from L1 larvae incubated in either M9 media (control) or M9 media 

supplemented with 17 mM ethanol as described in the “Materials and Methods.” Next 

generation sequencing was performed with the extracted RNA, and the fold change was 

calculated between ethanol and control samples for the combined data of two independent 

replicate experiments. (A) The heatmap visually represents significantly expressed genes in 

C. elegans incubated with ethanol in comparison to significantly expressed genes in non-
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ethanol incubated control animals. FPKM is defined as the Fragments Per Kilobase of 

transcript per Million mapped reads. (B) Volcano plot representing the fold change (log 2 

scale) and p-value (log 10 scale) for individual genes incubated in M9 media supplemented 

with ethanol versus animals incubated in only M9 media. The black and red points indicate 

non-significant (q>0.05) and significant (q<0.05) changes, respectively.
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Figure 2. Genes significantly altered by incubation of starved C. elegans L1 larvae in ethanol 
associated with acetyl-CoA, fatty acid, fatty acid, and glucose metabolism
The fold change of each gene in response to ethanol treatment is indicated next to the gene 

name; upregulated genes are highlighted in red and downregulated genes are highlighted in 

green.

Patananan et al. Page 19

Exp Gerontol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. L1 larvae of C. elegans do not robustly chemotax to ethanol
(A) Chemotaxis assays were performed using approximately 50–150 L1 larvae as described 

in the “Materials and Methods” section. Animals were scored if they migrated more than 0.5 

cm from the origin and a chemotaxis index was calculated as described in the “Materials and 

Methods” to determine if a particular molecule was a chemoattractant or chemorepellent 

compared to the water control. Low (0.5%) and high (100%) concentrations of 

benzaldehyde served as attractant and repellent controls, respectively. (B) Chemotaxis 

assays were performed in quadruplicate to determine if L1 could chemotax to various 
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concentrations of ethanol as described in the “Materials and Methods” section. The 

horizontal line denotes the average and the error bars represent standard deviations. (C) The 

effect of ethanol pre-exposure on L1 larvae chemotaxis. L1 larvae were hatched from eggs 

on plates containing 17 mM or 400 mM ethanol for 20–24 h as described in the “Materials 

and Methods” section. The animals were washed from the plate and chemotaxis assays were 

performed as described in the “Materials and Methods” section. Experiments were 

performed in triplicate. The horizontal line denotes the average and the error bars represent 

standard deviations.
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Table 2

Genes differentially expressed in ethanol classified into biological groups based on GO terms by DAVID 

analysis

Description Genes % p-value

Oxidation-reduction
activity

acdh-1 ↑, acdh-9 ↓, alh-1 ↑, alh-2 ↑, alh-5 ↑, cyp-25A2 ↑, cyp-32B1 ↓,
cyp-33C6 ↓, cyp-34A4 ↓, cyp-34A6 ↑, cyp-37B1 ↓, ddo-1 ↓, ddo-2 ↑,
dhs-19 ↑, dhs-27 ↑, dhs-30 ↑, dpyd-1 ↓, fat-5 ↑, fmo-2 ↑, gpdh-2 ↑, hgo-1 ↓,
idh-1 ↑, msra-1 ↑, pah-1 ↓, sod-3 ↑, sodh-1 ↑, tyr-3 ↑, B0513.5 ↓, C06A8.1 ↑,
C07D8.6 ↓, C11E4.2 ↓, C28H8.11 ↓, F35C8.5 ↓, F55B11.1 ↓, R04B5.5 ↑,
Y38F1A.6 ↑

6.1 2.01×10−9

Proteolysis bath-43 ↓, cpr-2 ↓, cpr-3 ↑, cpr-4 ↑, cpt-3 ↑, cpt-5 ↑, dpf-6 ↑, mfb-1 ↓,
nas-24 ↓, skr-3 ↑, skr-4 ↑, ubc-3 ↓, ubc-8 ↓, wrt-1 ↑, C17B7.10 ↓, F32H5.1 ↓,
F53A9.1 ↓, F53B1.6 ↑, K12H4.7 ↓, R05H10.7 ↓, T22F3.2 ↓, Y16B4A.2 ↑

3.8 0.1

Determination of
lifespan

acdh-1 ↑, aqp-1 ↑, asah-1 ↓, dao-3 ↑, ftn-1 ↓, gei-7 ↑, hsp-12.6 ↓, inf-1 ↑,
mtl-2 ↓, mup-4 ↑, pah-1 ↓, sod-3 ↑, sodh-1 ↑

2.2 0.06

Nitrogen compound
biosynthetic process

dpyd-1 ↓, gcy-11 ↓, odc-1 ↑, smd-1 ↑, B0513.5 ↓, C02E7.1 ↓, C06G3.5 ↓,
F38B6.4 ↑, M153.1 ↑, M02D8.4 ↑, R03D7.1 ↑, R08E5.2 ↓, Y62E10A.13 ↑

2.2 0.04

Cofactor metabolic
process

dao-3 ↑, dhs-19 ↑, gei-7 ↑, hacd-1 ↑, pnk-1 ↑, C44B7.10 ↑, R03D7.1 ↑,
Y106G6E.4 ↓, ZK1320.9 ↑

1.5 0.04

Carboxylic acid
biosynthetic process

fat-5 ↑, B0513.5 ↓, F35C8.5 ↓, M02D8.4 ↑, M153.1 ↑, R03D7.1 ↑,
R08E5.2 ↓, Y62E10A.13 ↑

1.4 0.002

Cellular amino acid
catabolic process

hgo-1 ↓, pah-1 ↓, B0513.5 ↓, C28H8.11 ↓, F47B10.2 ↓, Y51H4A.7 ↓ 1.0 0.0009

Lipid modification paqr-1 ↓, ugt-12 ↑, ugt-17 ↑, ugt-20 ↑, ugt-25 ↑, ugt-31 ↑ 1.0 0.03

Organophosphate
metabolic process

asm-2 ↓, asm-3 ↓, gpdh-2 ↑, C07E3.9 ↓, C55B6.1 ↓, M153.1 ↑ 1.0 0.08

Fatty acid metabolic
process

acs-2 ↑, fat-5 ↑, hacd-1 ↑, paqr-1 ↓, F35C8.5 ↓ 0.9 0.05

Lipid catabolic
processes

asm-2 ↓, asm-3 ↓, C07E3.9 ↓, F09B12.3 ↓, Y73B6BL.4 ↓ 0.9 0.06

Glycerol metabolic
process

gpdh-2 ↑, C55B6.1 ↓, K10B3.6 ↓, M153.1 ↑ 0.7 0.009

Folic acid and
derivative
biosynthetic process

dao-3 ↑, metr-1 ↑, Y106G6E.4 ↓ 0.5 0.02

Differentially expressed genes from the combined set of experiments (Figure 1) were analyzed by DAVID (25,26). Down arrows denote 
downregulated genes. Up arrows denote upregulated genes. Percentages correspond to the number of genes from each category out of the total 
number differentially expressed.
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Table 4

Alcohol dehydrogenase activity in L1 larvae and mixed population protein extracts

Replicate preparation of
nematodes

lysate of larvae or worms
incubated without ethanol for

3 days

lysate of larvae or worms
incubated with 17 mM

ethanol for 3 days

Fold change for lysate of
larvae treated with

ethanol

Alcohol dehydrogenase specific activity
(nmol NADH formed/min / mg of worm protein extract)

Mixed population

1 6.3 18.6 3.0

2 0.4 1.5 3.8

3 0.8 5.7 7.1

Average fold change 4.6±2.2

L1 larvae

1 5.8 54.7 9.4

2 1.1 5.4 4.9

3 2.5 23.5 9.4

Average fold change 7.9±2.6
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