
A systems toxicology approach implicates post- 
transcriptional regulatory networks in reproductive 
defects from PFAS exposure
Abigail P. Bline1, Hui Jiang2, Max Levenson1, Patrick Allard 1,2,3,�

1Molecular Toxicology Interdepartmental Program, UCLA, Los Angeles, CA 90095, United States 
2Institute for Society & Genetics, UCLA, Los Angeles, CA 90095, United States 
3Molecular Biology Institute, UCLA, Los Angeles, CA 90095, United States

�Corresponding author: Institute for Society & Genetics, 611 Charles E Young Dr E, University of California, Los Angeles, Los Angeles, CA 90095, United States. 
Email: pallard@ucla.edu.

Abstract 

Per- and polyfluoroalkyl substances (PFAS) are highly persistent in the environment and widespread in consumer products, 
environmental media, and biological samples. However, limited toxicology data exist for many of the over 15,000 chemicals 
belonging to the PFAS family. Data are particularly lacking for exposures during germ cell development, which can have 
consequences for later-life fecundity. Here, we leverage the tractability of the model organism Caenorhabditis elegans to compare a 
“legacy” PFAS, i.e. perfluorooctane sulfonic acid (PFOS), with a chlorinated ether analog, 6:2 chlorinated polyfluoroalkyl ether sulfonic 
acid (6:2 Cl-PFESA). We consistently observed negative effects of both PFOS and 6:2 Cl-PFESA on germ cell numbers along with 
increases in germline apoptosis and defective meiotic progression. These cellular observations corresponded with increases in 
embryonic lethality in offspring from developmentally exposed adults. Messenger RNA and small RNA sequencing revealed a clear 
signature of perturbation of the non-coding RNA-mediated germline regulatory network consistent with observed ex vivo disruption 
of P granules, liquid-like assemblages of RNA, and protein. Remarkably, we identified a strong gene–environment interaction 
between PFOS and 6:2 Cl-PFESA with another liquid-like structure, the synaptonemal complex (SC); syp3(OK758) hypomorphic 
mutants exhibited near-complete embryonic lethality with PFAS exposure. Thus, while performed at relatively high concentrations 
to ensure robust effect detection, our mechanistic findings provide a foundation for understanding the reproductive toxicity of PFAS 
across exposure scenarios. Altogether, our data show that the impacts of PFAS on germ cell development and function are associated 
with perturbation of liquid-like condensates, suggesting that PFAS physicochemical properties may contribute to their pleiotropic 
effects on biological systems.
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Often referred to as “forever chemicals,” per- and polyfluoroalkyl 
substances (PFAS) are a large class of anthropogenic molecules 
that exhibit high persistence in the environment. PFAS have been 
found in various consumer products, environmental media, and 
biological samples collected from humans and non-human ani
mals across the globe (Kabor�e et al. 2018; Nakayama et al. 2019). 
Within the human body, PFAS are unique among persistent 
organic pollutants in that they preferentially partition to proteins 
and membrane lipids of well-perfused organs rather than adi
pose tissue (Heuvel et al. 1991; Sanchez Garcia et al. 2018; Droge 
2019). As a result, PFAS tend to distribute widely throughout the 
body, can accumulate in a variety of tissues, and have been asso
ciated with numerous health effects (Fenton et al. 2021).

Due to concerns about its health effects and persistence in the 
environment, US manufacturing of perfluorooctane sulfonic acid 
(PFOS), one of the most-studied PFAS, ceased in 2000 (US 
Environmental Protection Agency 2000). PFOS manufacturing and 
use was restricted in most countries by an international agree

ment in 2009 (United Nations Environment Program 2023). Even 
so, PFOS continues to be detected in serum in approximately 99% 
of US adults at a median concentration of approximately 5 ng/ml 
and remains a relevant human exposure (Calafat et al. 2019; 
Department of Health and Human Services, Centers for Disease 
Control and Prevention 2022). In recent years, 6:2 chlorinated pol
yfluoroalkyl ether sulfonic acid (6:2 Cl-PFESA), a chlorinated ether 
analog of PFOS, has been detected at comparably high frequencies 
and concentrations in human serum samples collected in China 
(He et al. 2022). A primary component of the formulation F-53B, 
6:2 Cl-PFESA has been used since the 1970s as a PFOS alternative 
for mist suppression in the electroplating industry (He et al. 2022). 
Despite having been manufactured and used solely in China, 6:2 
Cl-PFESA has been detected in surface water samples collected 
from the United States and Europe and in Arctic wildlife (Gebbink 
et al. 2016; Pan et al. 2018). Based on 2017 to 2018 National Health 
and Nutrition Examination Survey (NHANES) data, 6:2 Cl-PFESA 
was detected in approximately 12% of US adults at a median 
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serum concentration of 0.5 ng/ml (Centers for Disease Control and 

Prevention 2018). 6:2 Cl-PFESA is one of the most biopersistent 

PFAS currently in use, with a median total elimination time of 

over 15 years, making it a priority PFAS for further assessment 

(Shi et al. 2016). However, toxicity data on 6:2 Cl-PFESA are limited 

(Pelch et al. 2022).
Previous studies have found associations between PFOS expo

sure and increased risk of primary ovarian insufficiency as well 

as earlier age of natural menopause (Ding et al. 2020). These out

comes are dependent upon the establishment and maintenance 

of the ovarian reserve. Ovarian reserve establishment occurs pre

natally in humans and other mammals (Vabre et al. 2017; Ge 

et al. 2019); primordial germ cell differentiation, proliferation, 

entry into meiotic prophase I, and physiologic oocyte death all 

occur prior to birth (De Felici et al. 2005). However, most studies 

on PFOS germ cell effects have examined exposures to postnatal 

ovaries or oocytes, which have ceased proliferation and already 

completed much of oogenesis (Dom�ınguez et al. 2016; Chen et al. 

2021; Wei et al. 2021; Feng et al. 2023; Clark et al. 2024). Although 

early developmental exposure to PFOS has shown negative 

effects on spermatogenesis and functional spermatids (Lai et al. 

2017; Yin et al. 2021), data on the effects of early developmental 

PFOS or 6:2 Cl-PFESA exposure on oogenesis and oocyte function 

are lacking.
In the present study, we exposed Caenorhabditis elegans to PFOS 

or 6:2 Cl-PFESA from embryos to evaluate the effects of early 

developmental exposure on oogenesis and oocyte function. C. ele

gans serves as a particularly useful model for studying oogenesis 

because adult hermaphrodites continually generate oocytes in a 

linear arrangement along the gonad, from mitotic proliferation 

through all stages of meiosis, making cells in different phases of 

meiosis easy to visualize. They are also proven to be a particu

larly valuable model to assess the impact of various environmen

tal agents on reproduction (Chen et al. 2016; Camacho et al. 2018; 

Chen et al. 2019; Wang et al. 2019; Truong et al. 2023; 

Ulaganathan et al. 2024). We performed standard reproductive 

assays, examined oogenic gonads microscopically, and analyzed 

gonad-specific RNA sequencing data to comprehensively evalu

ate PFOS and 6:2 Cl-PFESA exposures. We further assessed poten

tial gene–environment interactions using two C. elegans mutant 

strains. We hypothesized that PFOS and 6:2 Cl-PFESA would simi

larly disrupt early germ cell development, leading to reproduc

tive defects.

Materials and methods
Worm strains and culture
Unless otherwise stated, we used wild-type N2 Bristol strain C. 

elegans in experiments. Additional strains include the PGL-1::GFP 

reporter strain JH3269 (pgl-1[ax3122fpgl-1::gfpg] IV), the ZNFX-1:: 

GFP/PGL-1::RFP reporter strain YY968 (znfx-1[gg544f3xflag::gfp:: 

znfx-1g] II; pgl-1[gg547 fpgl-1::3xflag::tagRFPg] IV), the pgl-1(bn102) 

loss-of-function mutant strain SS580, and the SYP-3::GFP 

reporter/partial rescue strain CA1218 (syp-3[ok758] I; ieSi11 [syp- 

3p::EmeraldGFP::syp-3::syp-3 3'UTR þ Cbr-unc-119(þ)] II; unc-119 

[ed3] III). Other than the N2 worms, we obtained worm strains 

from the University of Minnesota Caenorhabditis Genetics Center 

(CGC). We maintained worms at 20 �C on nematode growth 

medium (NGM) with OP50 Escherichia coli lawns for both culturing 

and experimental procedures.

Test compounds and solution preparation
We purchased PFOS (CAS number 1763-23-1, >99.5%) from 
Synquest Laboratories. 6:2 Cl-PFESA potassium salt (CAS number 
73606-19-6) was purchased from BOC Sciences as technical grade 
to reflect real-world exposure. For each experimental repeat, we 
prepared solutions freshly from solid powders dissolved directly 
in double-deionized water that was filtered through a 0.22 μm 
membrane filter. For positive controls in the embryonic lethality 
and/or ex vivo P granule assays, we used nocodazole (CAS num
ber 31430-18-9) and 1,6-hexanediol (CAS number 629-11-8). Stock 

solutions of nocodazole were prepared in DMSO, whereas 1,6- 
hexanediol solutions were prepared in double-deionized water.

In vivo worm exposures
We exposed C. elegans to PFOS or 6:2 Cl-PFESA on solid NGM 
treated with liquid solutions as previously described (Nass and 
Hamza 2007; Xiong et al. 2017). We applied PFAS solutions or fil
tered double-deionized water (negative control) to the surface of 
NGM-filled plates with OP50 E. coli lawns at a ratio of 1:45 on a 
volume-for-volume basis (e.g. 0.4 ml of PFAS solution or water 
applied to 18 ml of solid NGM). Based on previous findings on 
measured internal PFOS concentrations in C. elegans exposed 
using similar methods, we estimated that application of a 

1,100 µM PFOS solution to solid NGM should lead to an internal 
dose of approximately 4 parts per billion, which is within an 
order of magnitude of PFOS and 6:2 Cl-PFESA serum concentra
tions measured in the general US population (Centers for Disease 
Control and Prevention 2018; Stylianou et al. 2019; Bil et al. 2022). 
Therefore, we used 1,100 µM plus 4 additional liquid solution con
centrations (900, 450, 225, and 112.5 µM) to treat the solid NGM in 
our initial embryonic lethality range-finding experiment. 
Subsequent in vivo assays used the no observable effect concen
tration (225 µM liquid solution), the lowest observable effect con
centration (450 µM liquid solution), and double the LOEC (900 µM 
liquid solution) from the range-finding experiment.

We exposed C. elegans to the PFAS- or water-treated NGM 
starting as embryos. We used a modified timed egg-laying proto
col to obtain synchronized C. elegans populations for experiments 
(Lionaki and Tavernarakis 2013; Lancaster et al. 2022). Briefly, we 
picked L4 stage larval worms from standard NGM culture plates 
onto new plates and allowed the larvae to grow to adulthood 
(approximately 24 h). We transferred 10 of the adult C. elegans to 
PFAS- or water-treated NGM plates and allowed them to lay 
embryos for 2 to 3 h, resulting in approximately 100 to 150 
embryos per NGM plate. After this time, we removed the adult C. 
elegans and left the remaining embryos to develop on the treated 
NGM for use in the in vivo assays described below.

Embryonic lethality
We let embryos (P0 generation) develop on treated NGM plates to 
day 1 of adulthood. We randomly selected 4 to 10 P0 adults from 
each treatment and transferred them to new NGM plates with 
the same treatment. We left the P0 adult worms on the new NGM 
plates to lay embryos (F1 generation) for approximately 4 to 6 h. 
After this time, we removed the P0 adults from the plates and 
counted the number of F1 embryos under a dissecting micro
scope. We allowed F1 embryos to develop until the late L4 or 
early adult stage, at which point we counted the surviving F1 
worms. We calculated embryonic lethality as the percentage of 
F1 embryos laid on an NGM plate that failed to hatch or produce 
viable late larvae/early adults.
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Gonad dissection, immunofluorescence, and imaging
Due to differences in developmental timing between exposure 
groups, we collected all worms for gonad imaging at 96 h post- 
embryo, by which time worms in all exposure groups had 
reached the adult stage. We performed fixation and staining of 
the worms as previously described (Gervaise and Arur 2016; Das 
et al. 2020). We use the following primary and secondary anti
bodies and concentrations: 1:500 mouse anti-mitogen-activated 
protein kinase (MAPK)-YT (Sigma-Aldrich, M8159), which is reac
tive against C. elegans diphosphorylated MPK-1 (Achache et al. 
2019; Das et al. 2020); 1:7.5 mouse anti-PGL-1 (Developmental 
Studies Hybridoma Bank, OIC1D4-s, 39 μg/ml); 1:500 Cy3 goat 
anti-mouse (ABclonal, Inc., AS008) (for dpMPK-1); 1:500 Alexa 
Fluor 594 donkey anti-mouse (Jackson ImmunoResearch Inc., 
715-585-150) (for PGL-1).

We imaged gonads using a Nikon H600L epifluorescence 
microscope at 100× magnification. Stages of meiosis were identi
fied based on chromosome morphology. We conducted image 
processing and measurements with the Fiji software. Nuclei in 
each developmental stage were quantified using the cell count 
feature. We calculated average anti-dpMPK-1 fluorescence inten
sity using manually defined regions in the mitotic zone, the late 
pachytene zone, and the diplotene/gonad bend region of each 
gonad. We calculated the dpMPK-1 fluorescence intensity ratios 
between different regions within the same gonad. Intensity ratios 
were normalized by the mean intensity ratio across treatment 
groups within each experimental repeat. We calculated average 
PGL-1 granule size by measuring the diameter of one representa
tive granule from 5 separate nuclei in the late pachytene region 
of each gonad.

Brood size and lifespan
We let embryos (P0 generation) develop on treated NGM plates 
for approximately 48 h and transferred 5 worms from each treat
ment onto individual NGM plates of the same treatment. It 
should be noted that the PFAS-exposed worms developed more 
slowly than the water control worms. We transferred worms to 
new NGM plates of the same treatment every 12 h for the dura
tion of their reproductive lifespans (approximately 5 days). 
Approximately 72 to 96 h after we transferred a P0 adult from an 
NGM plate, we counted the number of late larval/early adult F1 
worms on the same plate. We calculated the viable brood size as 
the total number of surviving late larval/early adult F1 worms 
produced per P0 worm. Assay validity was based on control 
worms producing a mean brood size of at least 200 live offspring. 
One experimental repeat for 6:2 Cl-PFESA exposure did not meet 
this validity criteria and was excluded from analysis.

Germ cell apoptosis
Approximately 24 h post-L4, we removed 50 worms from their 
treated NGM plates and incubated them for 1 h in a 25 μg/ml sol
ution of acridine orange diluted in M9 minimal salts solution sup
plemented with OP50 E. coli. Worms grown on NGM treated with 
450 μM and 900 μM PFAS were incubated in acridine orange a day 
later than those grown on water-treated NGM and NGM treated 
with 225 μM PFAS due to the delayed development of the former 
groups. Immediately following acridine orange incubation, we 
imaged live worms with a Nikon H600L epifluorescence micro
scope at 40× magnification. We scored apoptotic germ cell nuclei 
as FITC-positive foci in the late pachytene region of a single 
gonad arm. To account for differences in the number of germ 
cells in each gonad between treatments, we calculated the apop
totic index as the number of apoptotic nuclei divided by the 

mean number of pachytene nuclei for the treatment group. The 
apoptotic index was normalized to the mean apoptotic index 
across treatment groups within each experimental repeat.

Gonad collection and RNA extraction
We let synchronized N2 embryos develop on treated NGM plates 
for 96 h. We selected only negative control worms and worms 
exposed to 450 μM 6:2 Cl-PFESA for gonad RNA analysis since 
mRNA levels have previously been measured in whole worms 
exposed to PFOS (Chen et al. 2018; Stylianou et al. 2019), but not 
in worms exposed to 6:2 Cl-PFESA, and since 450 μM was the 
LOEC for most of the endpoints examined in this study. We col
lected 12 adult worms from a given treatment and pooled their 
severed gonads into a 1.5 ml low-binding microcentrifuge tube 
set in a freezing block on dry ice to flash-freeze. For each batch of 
12 worms, the time from gonad dissection to flash-freezing did 
not exceed 10 min. We repeated this process 12 times for each 
treatment (NGM treated with water or 450 μM 6:2 Cl-PFESA) such 
that we collected gonads from approximately 140 worms per 
treatment for each of the 3 experimental repeats.

We extracted RNA from the pooled gonads using the QIAGEN 
miRNeasy Micro Kit (217084). We evaluated the quantity and 
purity of RNA using a NanoDrop spectrophotometer. We immedi
ately split the extracted RNA samples, with half of the sample 
volume frozen at −80 �C for mRNA sequencing. We subjected the 
other half to treatment with RNA 50 polyphosphatase (Epicentre, 
RP8092H) to remove tri- and diphosphate modifications from 
small RNAs for sRNA sequencing. Briefly, the aqueous RNA sam
ples were combined with RNA 50 polyphosphatase 10× reaction 
buffer, RNA 50 polyphosphatase, and additional RNase-free water 
and incubated at 37 �C for 30 min. After incubation, we re- 
purified the RNA using the QIAGEN miRNeasy Micro Kit, omitting 
the QIAzol lysis reagent step. We then froze the RNA 50

polyphosphatase-treated RNA at −80 �C for sRNA sequencing.

P granule structure with in vivo exposure
We let PGL-1::RFP reporter strain YY968 embryos develop on 
treated NGM plates for approximately 96 h. We picked �30 adult 
worms into a 14 μl drop of M9 minimal salts solution placed on a 
microscope slide, to which 1 μl of 10 mM levamisole hydrochlor
ide was added to immobilize the worms. We imaged the pachy
tene regions of immobilized worms using the Texas Red filter of a 
Nikon H600L epifluorescence microscope at 100× magnification.

Synthetic sterility in a pgl-1 loss-of-function mutant
We let pgl-1(bn102) loss-of-function strain SS580 embryos 
develop on treated NGM for approximately 96 h. We scored adult 
worms exhibiting one or more embryos in their uteri as fertile. 
Worms lacking embryos and exhibiting a degenerated and/or 
malformed gonad were scored as sterile. We did not count worms 
that lacked embryos but appeared to be young adult or in the L4 
larval stage based upon gonad morphology since the lack of 
embryos could have been due to developmental delay rather 
than sterility.

Ex vivo gonad exposures
We picked unexposed day 1 adult worms into an 8 μl drop of M9 
minimal salts solution on a microscope slide. We extruded the 
gonads from the worms and added 8 μl of a PFOS or 6:2 Cl-PFESA 
solution prepared in filtered double-deionized water or filtered 
double-deionized water alone (negative control). We mixed this 
solution with the drop of M9 using a 10 μl pipette tip. Final ex vivo 
PFAS exposure concentrations were 10 and 450 μM, which 
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represented the estimated NGM exposure concentration (10 μM) 
and the initial solution concentration (450 μM) applied to the 
NGM that was the LOEC in vivo experiments. We then covered 
the dissected gonads in treatment solutions with cover slips for 
imaging.

P granule structure ex vivo
We used the PGL-1::GFP reporter strain JH3269 to visualize P 
granules ex vivo. We used a solution of 5% 1,6-hexanediol in 
double-deionized water as a positive control for P granule struc
ture disruption (Updike et al. 2011). We imaged the dissected 
gonads using the FITC filter of a Nikon H600L epifluorescence 
microscope at 40× magnification. Specifically, we imaged the 
pachytene region of a different worm every 4 min for 16 min on 
each slide to monitor time-dependent effects of ex vivo PFAS 
exposure on P granule structure.

SC structure ex vivo
We used the SYP-3::GFP reporter/syp-3(ok758) partial rescue 
strain CA1218 to visualize the SC ex vivo. A solution of 5% 1,6- 
hexanediol in double-deionized water was used as a positive con
trol for SC structure disruption (Rog et al. 2017). We imaged the 
dissected gonads with the FITC filter of a Nikon H600L epifluores
cence microscope at 100× magnification.

RNA sequencing and bioinformatics
Frozen RNA samples were provided to the UCLA Technology 
Center for Genomics & Bioinformatics (TCGB) for cDNA library 
construction and sequencing. The library for mRNA sequencing 
was constructed from the sample volumes not treated with RNA 
50 polyphosphatase using the KAPA mRNA HyperPrep Kit for 
Illumina platforms (Kapa Biosystems, KR1352-v5.17). The library 
for sRNA sequencing was constructed from the sample portions 
treated with RNA 50 polyphosphatase using the QIAseq 
microRNA (miRNA) Library Kit (QIAGEN, 331502). After checking 
RNA integrity using an Agilent TapeStation system, single-read 
RNA sequencing was performed using an Illumina HiSeq 3000 
system. TCGB provided demultiplexed FASTQ files with the 
Illumina adapters removed.

mRNA data analysis
We uploaded the FASTQ files to Galaxy and checked read quality 
using FastQC. Transcripts were quasi-mapped to the WormBase 
WS287 mRNA transcripts FASTA file (Index of/releases/WS287/ 
species/c_elegans/PRJNA13758) and transcript counts were quan
tified using the Salmon quant tool (Galaxy Version 
1.10.1þgalaxy0) (Patro et al. 2017; Srivastava et al. 2019). We used 
the WormBase WS287 genomic FASTA file as the reference 
genome. We set K-mer length to 25 with a perfect hash required. 
We set sequence-specific strand correction and GC fragment cor
rection to “yes” since FastQC results indicated that GC sequences 
were overrepresented in the mRNA data. We set the mean frag
ment size to 65 since this was the size identified by FastQC analy
sis.

We performed differential expression analysis between the 
control and 6:2 Cl-PFESA mRNA samples in Galaxy using the 
DESeq2 tool (DESeq2 version 1.40.2, Galaxy Version 
2.11.40.8þgalaxy0) on the Salmon quant transcript count data 
(Love et al. 2014). We performed gene set enrichment analysis 
using PANGEA against the direct gene ontology (GO) data set and 
using WormExp v 2.0 against C. elegans-specific experimental 
data sets (Yang et al. 2016; Hu et al. 2023). For both PANGEA and 
WormExp analyses, we analyzed the most significantly 

upregulated and downregulated genes (based on DESeq2 
Benjamini-Hochberg adjusted P-value <0.05) as separate gene 
sets. We used all genes detected in the gonad mRNA samples 
(n¼ 15,733) as the background gene set for both analyses. We 
refined WormExp results for relevance based on the following: (i) 
the Bonferroni-adjusted P-value for enrichment was <0.05, (ii) at 
least 15 significantly upregulated or downregulated genes over
lapped with the gene set, and (iii) the gene set originated from 
adult hermaphrodite worm gonads or whole animals.

sRNA data analysis
We uploaded FASTQ files to sRNAbench, part of the sRNAtoolbox 
(Aparicio-Puerta et al. 2022). sRNAbench preprocesses the FASTQ 
file, aligns the reads to the genome using Bowtie, and quantifies 
reads. We ran sRNAbench in genome mapping mode using the 
MirGeneDB2.1 database, WBcel235 C. elegans genome assembly, 
Qiagen with UMIs library protocol, minimum mean Phred score 
per transcript set to 20, and the remaining parameters set to the 
default values. We extracted 21U-RNA (i.e. Piwi-interacting RNA 
[piRNA]), 22G-RNA, 26G-RNA, and miRNA reads from the 
sRNAbench annotated reads file generated for each sample using 
a custom R script (with dplyr, purr, and stringr packages).

To obtain 21U-RNAs/piRNAs, we first filtered the reads by the 
RNA Central sense classification. We further filtered by reads 
annotated as either piRNA or other RNA (excluding those addi
tionally annotated as ncRNA, snRNA, or snoRNA) with sequence 
length equal to or less than 21 nucleotides and the first nucleo
tide equal to T. We aggregated read counts by the feature to 
which they were annotated. To obtain 22G-RNAs and 26G-RNAs, 
we first filtered the reads by the cDNA antisense, tRNA antisense, 
ncRNA antisense, and RNA Central antisense classifications. For 
22G-RNAs, we then filtered the reads by sequence length equal 
to 20 to 24 nucleotides and the first nucleotide equal to G 
(Seroussi et al. 2023). For 26G-RNAs, we filtered the reads by 
sequence length equal to 25 to 27 nucleotides and first nucleotide 
equal to G (Seroussi et al. 2023). We aggregated 22G-RNA and 
26G-RNA read counts by the target feature to which they were 
antisense within each sample. To obtain miRNAs, we filtered the 
reads by the mature sense classification. We aggregated read 
counts by the feature to which they were annotated.

For each sRNA type, we removed features that did not have at 
least 10 reads in at least 2 samples. We calculated the number of 
reads for each sRNA type as reads per million (RPM) genome- 
mapping reads, excluding sense protein-coding, pseudogene, 
tRNA, rRNA, ncRNA, lncRNA, and snoRNA reads within each 
sample. These sense-mapping reads likely represent degradation 
products and not sRNAs (Seroussi et al. 2023). For comparisons of 
each sRNA type between treatments, we normalized sRNA RPMs 
to the mean across treatments within each experimental repeat. 
We performed DESeq2 analysis for each sRNA type in Galaxy 
using reads aggregated by feature. We further tested targets of 
differentially expressed 22G-RNAs for enrichment or depletion 
relative to Argonaute immunoprecipitation (IP) data reported by 
Seroussi et al. (2023). Of the 19 Argonautes with 22G-RNA IP data, 
ALG-1, ALG-2, and ALG-5 were excluded from comparison, as 
they primarily bind miRNAs and have fewer than 100 non- 
miRNA targets. We determined significant overlap between 
22G-RNA targets upregulated or downregulated by 6:2 Cl-PFESA 
treatment and those that IP with a given Argonaute using the 
hypergeometric distribution with the total number of 22G-RNA 
targets detected in the gonad samples prior to trimming (14,933) 
as the population size. We adjusted P-values for multiple testing 
using the Bonferroni correction.
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Statistical analysis
For between-group comparisons of normally distributed data, we 
used Welch’s ANOVA with Dunnett’s T3 post-hoc test for statisti
cal analyses to account for unequal variances and small degree 
of freedom. We used linear regression or Poisson regression with 
offset for treatment group size to assess trends. We used Welch’s 
t-test for comparisons with only 2 groups. We performed statisti
cal analyses and figures generation using R statistical software 
version 4.2.0 (Ripley 2001) and GraphPad Prism 10.

Results
PFOS and 6:2 Cl-PFESA increase embryonic 
lethality in wild-type C. elegans
To identify the relevant concentrations of PFOS and 6:2 Cl-PFESA 
in our subsequent assays, we first performed range-finding 
experiments using embryonic lethality as the endpoint. 
Embryonic lethality can serve as a readout for various errors that 
occur during meiotic prophase I and ultimately lead to aneu
ploidy (Lui and Colai�acovo 2013). The lowest observed effect con
centration for PFOS was 900 μM applied to solid NGM (Fig. 1A), 
whereas it was 450 μM for 6:2 Cl-PFESA (Fig. 1B). At the highest 
concentration of 1,100 μM applied to solid NGM, the maximal 
effect was a mean embryonic lethality incidence of 18% (95% CI: 
4–31; P¼ 0.01) for PFOS and 23% (95% CI: 13–34; P¼ 0.0004) for 6:2 
Cl-PFESA. These effects were comparable to those from exposure 
to solid NGM treated with 900 μM of the positive control nocoda
zole (Fig. 1A and B). In liquid exposure scenarios, 100 μM nocoda
zole leads to an approximate embryonic lethality incidence of 
65% (Allard et al. 2013), similar to the effect we observed with 
4.5 mM of nocodazole applied to solid NGM (Fig. 1A). Although 
the solution concentrations used are substantially higher than 
typical human serum concentrations, these findings support our 
assumption that the final concentrations on the solid NGM were 
approximately 45 times lower than the applied solution concen
trations (corresponding to the 1:45 volume-for-volume dilution 
factor).

We also included 1,6-hexanediol as a comparator in the 
embryonic lethality assay. 1,6-hexanediol is an aliphatic alcohol 
that has been shown to increase DNA double-strand breaks, 
which can lead to embryonic lethality when unrepaired in germ 
cells (Lemmens and Tijsterman 2011; Jones and Forsburg 2023; 
Gomb�as and Vill�anyi 2024). Importantly, 1,6-hexanediol inhibits 
liquid–liquid phase separation (LLPS) in various biological con
texts, an effect that may be shared by PFOS and 6:2 Cl-PFESA due 
to their surfactant properties (Buck et al. 2011; Sanchez-Burgos 
et al. 2021). Worms exposed to NGM treated with a saturated sol
ution of 1 g/ml 1,6-hexanediol exhibited a mean embryonic 
lethality incidence of 14% (95% CI: 7–20; P¼0.0005) (Fig. 1B).

PFOS and 6:2 Cl-PFESA cause delays in 
reproductive development and negatively impact 
fecundity
Because we observed increases in embryonic lethality, we exam
ined additional effects of PFOS and 6:2 Cl-PFESA on reproduction 
over the life course. We specifically assessed developmental tim
ing and production of live offspring since these outcomes have 
been shown to be altered in response to various well-known 
reproductive toxicants (Allard et al. 2013; Parodi et al. 2015; Chen 
et al. 2016). The mean time to first brood was approximately 
2.9 days in control worms. In worms exposed to solid NGM 
treated with 900 μM PFOS, time to first brood was delayed by an 
average of 9 h (Fig. 2A). This delay was approximately 21 h in 

worms exposed to solid NGM treated with 900 μM 6:2 Cl-PFESA 
(Fig. 2B).

Across experimental repeats, control worms exhibited a mean 
viable brood size of 230. Based on linear regression modeling, 
PFOS exposure caused a decreasing trend in total viable brood 
size (F(1,10)¼9.22, adjusted R2¼0.43; P¼ 0.01) (Fig. 2C). 6:2 Cl- 
PFESA exposure led to a similar decreasing trend in total viable 
brood size (F(1,10)¼6.43, adjusted R2¼0.33; P¼ 0.03) (Fig. 2D). 
Group-based comparisons did not reach statistical significance. 
However, exposure to solid NGM treated with 900 μM caused a 
significant decrease in peak reproductive output per 12-h period 
(Fig. S1).

PFOS and 6:2 Cl-PFESA decrease meiotic germ 
cell abundance, inhibit differentiation, and 
increase apoptosis
To further evaluate the impact of PFOS and 6:2 Cl-PFESA on germ 
cells, we examined gonads from wild-type worms exposed in vivo 
from embryos through adulthood. Gonads dissected from adult 
hermaphrodites exposed to PFOS and 6:2 Cl-PFESA were visibly 
smaller than those from control worms, particularly in the high
est exposure groups (Fig. 3A to G). Based upon imaging of DAPI- 
stained gonad nuclei, both PFOS and 6:2 Cl-PFESA exposures 
caused decreases in oogenic nuclei counts. Proliferating germ 
cell counts in the mitotic zone were reduced by approximately 
35% (95% CI: 3–69; P¼0.04) and 41% (95% CI: 6–78; P¼ 0.03) with 
the highest PFOS (Fig. 3H) and 6:2 Cl-PFESA (Fig. 3J) exposures, 
respectively. Effects on meiotic germ cell nuclei were even 
greater, with mean counts reduced by approximately 60% for 
both the highest PFOS (95% CI: 39–79; P¼ 0.001) (Fig. 3I) and 6:2 
Cl-PFESA (95% CI: 26–94; P¼ 0.007) exposures (Fig. 3K).

Because meiotic germ cell nuclei counts were significantly 
reduced by exposure to these two PFAS, we then tested whether 
meiosis proceeded correctly. Under normal conditions, oogenic 
germ cell nuclei transition from pachytene to diplotene just dis
tally to the gonadal arm bend (Fig. 4A). Failure to properly prog
ress through meiosis can manifest as the presence of pachytene 
nuclei beyond the bend and into the proximal gonad, a pheno
type referred to as pachytene exit (Pex) defect (Killian and 
Hubbard 2005) (Fig. 4B and C). We observed the Pex defect in a 
single control worm. Based on Poisson regression with offset for 
treatment group size, PFOS exposure caused an increase in Pex 
incidence with increasing concentration (McFadden pseudo-R2 ¼

0.56, P< 0.001) (Fig. 4D). Increasing Pex incidence was also 
observed with increasing 6:2 Cl-PFESA concentrations (McFadden 
pseudo-R2 ¼ 0.37, P¼0.004) (Fig. 4E).

Next, we examined the induction of apoptosis in mid to late 
pachytene, where it is physiologically triggered in response to 
meiotic checkpoint activation (Leacock and Reinke 2006). 
Because PFAS treatments significantly reduced the total number 
of pachytene nuclei available to undergo apoptosis, we calcu
lated the apoptotic index by dividing the number of apoptotic 
nuclei by the mean number of pachytene germ cell nuclei for the 
given treatment. The apoptotic index was significantly increased 
in worms exposed to NGM treated with both 450 and 900 μM 
PFOS (Fig. 4F) or 6:2 Cl-PFESA (Fig. 4G).

The results of these reproductive assays indicate that PFOS 
and 6:2 Cl-PFESA exposures delay reproductive system develop
ment and decrease the number of oogenic germ cells produced. 
The germ cells that are produced in PFAS-exposed worms exhibit 
defects that lead to meiotic progression delays and/or apoptosis. 
Although the impacts of these defects on fecundity were subtle, 

Toxicological Sciences, 2025, Vol, 00, Issue 00 | 5  
D

ow
nloaded from

 https://academ
ic.oup.com

/toxsci/advance-article/doi/10.1093/toxsci/kfaf111/8219477 by guest on 21 August 2025

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf111#supplementary-data


they suggest that germ cell signaling programs and homeostasis 
are disrupted by PFOS and 6:2 Cl-PFESA exposures.

Inappropriate MAPK activation in the gonad 
suggests multiple pathways are involved in germ 
cell dysfunction
MAPK signaling pathways are known to play important roles in 
germ cell development and function in C. elegans, as well as in 
other organisms (Lee et al. 2007a, 2007b; Das and Arur 2017). In 
C. elegans, activity of the human MAPK1/ERK2 ortholog MPK-1 
regulates a wide range of processes in germ cells, including 
pachytene progression, apoptosis, and oocyte meiotic maturation 

(Church et al. 1995; Lee et al. 2007a, 2007b; Nadarajan et al. 
2016). MPK-1 is typically activated through diphosphorylation via 
upstream signaling from DAF-2 (an insulin-like receptor) in the 
mid- to late-pachytene region and via major sperm protein sig
naling in proximal oocytes (Miller et al. 2001; Lopez et al. 2013). 
In wild type worms, dpMPK-1 levels are highest in mid to late 
pachytene and proximal oocytes, with lower levels in the gonad 
bend located between these 2 regions (Lee et al. 2007b). dpMPK-1 
is not typically observed in the mitotic or early pachytene 
regions, where it is inhibited by a combination of RAS GTPase- 
activating protein GAP-3 and Pumilio protein PUF-8 (Vaid et al. 
2013). mpk-1 loss-of-function mutants, as well as loss-of-function 

Fig. 1. Embryonic lethality is increased with PFOS or 6:2 Cl-PFESA exposure. Caenorhabditis elegans exposed to NGM treated with (A) 900 or 1,100 µM PFOS 
or (B) 450, 900, or 1,100 µM 6:2 Cl-PFESA exhibited increased rates of embryonic lethality. The rates of embryonic lethality caused by PFOS or 6:2 Cl- 
PFESA exposure were similar to those of exposure to NGM treated with (A, B) the positive control chemical nocodazole at 900 µM and (B) the positive 
control 100% 1,6-hexanediol. Exposure to NGM treated with 4.5 mM nocodazole caused approximately 60% embryonic lethality on average, a rate 
similar to liquid exposures in 100 µM nocodazole in our lab. Concentrations are reported as the concentrations of treatment solutions applied to solid 
NGM at a ratio of 1:45 volume to volume. Each point represents the % embryonic lethality from 5 to 10 individual C. elegans exposed on a single NGM- 
containing plate. n¼ 9 independent NGM plates per treatment, except n¼6 independent NGM plates for 4.5 mM nocodazole. Error bars represent mean 
and standard deviation. �P<0.05, ��P<0.01, ���P <0.001, ����P<0.0001 (one-way Welch’s ANOVA with Dunnett’s T3 post hoc).
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mutants in upstream MAPK signaling genes, exhibit small 
gonads, Pex defects, and elevated embryonic lethality (Leacock 
and Reinke 2006; Achache et al. 2019). Therefore, we hypothe
sized that PFOS and 6:2 Cl-PFESA exposure may lead to these 
observed effects via impaired MPK-1 activation.

Contrary to our hypothesis, immunofluorescence imaging 
revealed that PFAS-exposed worms exhibited high levels of 
dpMPK-1 in the mid- to late-pachytene region and proximal 
oocytes, as was expected and observed in control animals 
(Fig. 5A to C). Unexpectedly, worms exposed to NGM treated with 
900 μM PFOS exhibited a significant increase in dpMPK-1 intensity 
in the mitotic region relative to pachytene (Fig. 5D). We did not 

observe this effect in worms exposed to 6:2 Cl-PFESA (Fig. 5E). In 
worms exposed to NGM treated with 900 μM PFOS or 6:2 Cl- 
PFESA, we observed a near significant (P< 0.10) increase in 
dpMPK-1 intensity in the gonad bend region relative to pachytene 
(Fig. 5F and G). Linear regression modeling indicated there was 
an increasing trend in relative bend: pachytene dpMPK-1 inten
sity with both increasing PFOS (F(1, 10) ¼ 18.13, adjusted R2 ¼

0.61, P¼0.002) and 6:2 Cl-PFESA (F(1, 10)¼11.29, adjusted R2 ¼

0.48, P¼ 0.007) concentrations.
These immunofluorescence results show that PFAS exposure 

altered the tightly regulated MPK-1 activation dynamics in the 
germline. Because there are different possible causes for these 

Fig. 2. Exposure to PFOS and 6:2 Cl-PFESA cause functional reproductive defects. Exposure to NGM treated with 900 µM of (A) PFOS or (B) 6:2 Cl-PFESA 
increased the time to first brood. Increasing concentrations of (C) PFOS or (D) 6:2 Cl-PFESA also caused significant decreasing trends in viable brood size 
based on linear regression modeling, though between-group comparisons were not significant. Concentrations are reported as the concentrations of 
solutions applied to solid NGM at a ratio of 1:45 volume to volume. Each point represents the mean of 4 to 5 individual C. elegans exposed on a single 
NGM-containing plate. n¼ 3 independent NGM plates per treatment. Error bars represent mean and standard deviation. #P<0.10, �P<0.05 (one-way 
Welch’s ANOVA with Dunnett’s T3 post hoc).
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effects, RNA sequencing was performed next to inform likely 
pathways involved in inappropriate MPK-1 activation and germ
line dysfunction.

Gonad-specific RNA-seq analysis reveals reduced 
expression of genes that negatively regulate 
MPK-1 activation from 6:2 Cl-PFESA exposure
Because it is a less characterized toxicant compared with PFOS, 
we focused our in-depth transcriptomic analysis on 6:2 Cl-PFESA. 
Indeed, a wealth of molecular data are available for PFOS, includ
ing whole-animal differential mRNA expression levels for C. ele
gans exposed to PFOS (Stylianou et al. 2019; Yin et al. 2021).

Out of 31,881 mRNA transcript isoforms contained in the 
WormBase WS287 mRNA transcripts FASTA file, we detected 
22,478 isoforms from 15,734 unique genes in at least one of the 
pooled gonad samples. Based on DESeq2 analysis, 200 mRNA iso
forms from 195 unique genes were differentially expressed 
(Benjamini-Hochberg P-value<0.05) in 6:2 Cl-PFESA-exposed 
compared with control worm gonads (Table S1). Of these mRNA 
isoforms, 115 were significantly upregulated, with 89 increased 
by more than 1.25-fold, whereas 85 were significantly downregu
lated, with 26 decreased by less than 0.75-fold (Fig. 6A). By fold- 
change (FC), the most upregulated genes were those for the UDP- 
glycosyltransferase UGT-62 (ortholog of human UGT2B4/7/10; FC 
3.4), the cytochrome P450 (CYP) enzyme CYP-13A6 (ortholog of 
human CYP3A4/5/7; FC 2.3), and the cathepsin CPL-1 (ortholog of 
human CTSL; FC 2.2). The most downregulated genes were those 
for the splicing factor SWP-1 (ortholog of human SFSWAP; FC 
0.05), the exonuclease W02F12.4 (ortholog of human TREX1/2; FC 
0.3), and the carbohydrate transmembrane transporter W02D3.4 
(ortholog of human TMEM144; FC 0.5).

Among the significantly downregulated genes were 3 involved 
in the negative regulation of MPK-1 activation: acs-4 (ortholog of 
human ACSL3/4; FC 0.93), nmt-1 (ortholog of human NMT1/2; FC 
0.87), and puf-8 (ortholog of human PUM1/2; FC 0.94) (Fig. 6B). 
ACS-4 and NMT-1 work in tandem to regulate the MPK-1 phos
phatase PPM-2 via gonad fatty acid levels (Tang and Han 2017). 
Germline fatty acids are supplied from the intestine via gonad 
sheath–germ cell innexins, and expression of the innexin gene 
inx-14 was also significantly downregulated by 6:2 Cl-PFESA 
exposure (Starich et al. 2020). PUF-8 negatively regulates MPK-1 
activation by suppressing mRNA of LET-60 (ortholog of human 
RAS and activator of MPK-1) (Vaid et al. 2013). A Pumilio family 
RNA-binding protein (RBP), PUF-8 also promotes mitotic germ 
cell proliferation, suppression of somatic transcripts, and the 
switch to oocyte production in conjunction with FBF-1 (Bachorik 
and Kimble 2005; Ariz et al. 2009; Mainpal et al. 2011).

Gene set enrichment analysis of 6:2 Cl-PFESA- 
exposed gonads implicates alterations in 
metabolism and P granule-associated functions
Based on gene set enrichment analysis using PANGEA, upregu
lated genes were significantly enriched (Benjamini and Hochberg 
P< 0.01, fold enrichment >2) for 15 gene sets (Fig. 6B). Biological 
process gene sets enriched in upregulated genes included cell 
death/necrotic cell death, immune system process, metabolic 
process, and proteolysis. Cell death genes included multiple 
aspartyl proteases that localize to the lysosome. Immune system 
genes included lysozymes and other pathogen response genes. 
Metabolic genes included those involved in carbohydrate and 
protein metabolism, as well as pyrimidine biosynthesis. 
Proteolysis genes included multiple cathepsins and peptidases. 
Cellular component gene sets included lysosome, extracellular 
region/space, mitochondrial proton-transporting ATP synthase 
stator stalk, and yolk granule. Molecular function gene sets 
enriched in upregulated genes included aspartic-type 

Fig. 3. PFOS or 6:2 Cl-PFESA exposures decrease gonad size with greater 
impacts on meiotic nuclei than mitotic nuclei. Gonads of adult 
hermaphrodites unexposed to PFAS (A) exhibit normal size with oogenic 
germ cell progression through meiosis in a distal (�) to proximal (✚) 
orientation. Representative images are shown from C. elegans exposed to 
PFOS (B, C, D) or 6:2 Cl-PFESA (E, F, G). Mitotic nuclei counts were 
significantly decreased with exposure to NGM treated with 900 µM (H) 
PFOS or (J) 6:2 Cl-PFESA. Meiotic nuclei counts were significantly decreased 
with (I) all PFOS exposures and the (K) 900 µM 6:2 Cl-PFESA exposure. 
Concentrations are reported as the concentrations of solutions applied to 
solid NGM at a ratio of 1:45 volume to volume. Images show DAPI-stained 
gonad nuclei in white. Nuclei counts are based on one plane from a single 
gonad arm per animal. Each point represents the mean nuclei counts from 
gonads of 6 to 19 (PFOS) or 3 to 14 (6:2 Cl-PFESA) individual C. elegans 
exposed on a single NGM-containing plate. n¼ 3 independent NGM plates 
per treatment. Error bars represent mean and standard deviation. 
�P< 0.05, ��P< 0.01, ���P <0.001 (one-way Welch’s ANOVA with Dunnett’s 
T3 post hoc). Scale bars¼50 µm.
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endopeptidase activity, peptidase activity, carbohydrate binding, 
hydrolase activity, and amino acid binding.

Downregulated genes were significantly enriched (Benjamini 
and Hochberg P<0.01, fold enrichment >2) for 9 gene sets based 
on PANGEA analysis (Fig. 6C). Biological process gene sets 

enriched in downregulated genes included negative regulation of 
phagocytosis and engulfment, protein deglutathionylation, and 
cellular response to hypoxia. Cellular component gene sets 
enriched in downregulated genes included cytoplasm and sarco
plasmic reticulum membrane. Molecular function gene sets 
enriched among downregulated genes included nutrient reser
voir activity, lipid transporter activity, protein-glutamine 

gamma-glutamyltransferase activity, and acetyl-CoA C-acetyl
transferase activity.

We further compared differentially expressed genes to pub
lished C. elegans-specific gene expression data using WormExp 
v2.0 (Yang et al. 2016). Based on this analysis, genes upregulated 

in the gonad by 6:2 Cl-PFESA exposure significantly overlapped 

(Bonferroni P< 0.05) with 29 unique gene sets collected from 
adult hermaphrodite worms (Table S2). Seven of these gene sets 
(24%) were for genes upregulated in gonads collected from 
worms with genetically altered or abolished P granules (Fig. 6D). 
P granules are condensates of RNA and protein essential for 
germline function that localize to nuclear pores in immature 
germ cells and are involved in post-transcriptional regulation pri
marily through inhibiting translation and organizing small RNA 
pathways (Campbell and Updike 2015; Lev and Rechavi 2020; 
Chen et al. 2022). Genes upregulated by 6:2 Cl-PFESA exposure 
also highly overlapped with 7 gene sets (24%) upregulated in 
worms lacking germ cells, either due to physical ablation of pri
mordial germ cells or genetic mutations in glp-1 or glp-4 that lead 
to temperature-sensitive inhibition of germ cell proliferation, fur
ther suggesting disruption of the germ cell-specific program.

Genes downregulated by 6:2 Cl-PFESA exposure significantly 
overlapped (Bonferroni P< 0.05) with 9 gene sets using WormExp 
v2.0 (Table S2). Two of these gene sets (22%) overlapped with 

Fig. 4. Defects in pachytene exit coincide with increased apoptosis in late pachytene. A) Nuclei in oogenic C. elegans gonads typically transition from 
pachytene (solid yellow line) to diplotene upon entering the gonad bend (dashed yellow line), as was observed in all but a single control animal. The red 
arrow points to a gonad sheath cell nucleus. Pachytene exit defect (Pex), where pachytene-stage nuclei extend into and beyond the gonad bend (B and 
C), was observed at a mean frequency of approximately 35% to 40% in worms exposed to 900 µM (D) PFOS or (E) 6:2 Cl-PFESA. Poisson regression 
modeling with offset for treatment group size indicated increasing Pex incidence with increasing PFOS or 6:2 Cl-PFESA concentrations. Increased rates 
of apoptosis relative to the number of pachytene nuclei (i.e. apoptotic index) was also observed with exposure to NGM treated with 450 and 900 µM (F) 
PFOS or (G) 6:2 Cl-PFESA. Concentrations are reported as the concentrations of solutions applied to solid NGM at a ratio of 1:45 volume to volume. 
Images show DAPI-stained gonad nuclei in white. Pex incidence was calculated as the percent of gonads exhibiting the Pex phenotype relative to the 
total number of gonads assessed. For D and E, each point represents Pex incidence out of 7 to 27 (PFOS) or 3 to 15 (6:2 Cl-PFESA) individual C. elegans 
exposed on a single NGM-containing plate. n¼ 3 independent NGM plates per treatment. Apoptotic index was calculated as the ratio of apoptotic 
nuclei in late pachytene to the average number of pachytene nuclei for a given treatment and was normalized to the mean across all treatment groups 
within each experimental repeat. For F and G, each point represents the mean apoptotic index from gonads of 15 to 18 (PFOS) or 8 to 20 (6:2 Cl-PFESA) 
individual C. elegans exposed on a single NGM-containing plate. n¼ 3 to 6 independent NGM plates per treatment. Error bars represent mean and 
standard deviation. �P<0.05 (one-way Welch’s ANOVA with Dunnett’s T3 post hoc). Scale bars¼10 µm.
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Fig. 5. Aberrant spatial activation of MAP kinase MPK-1 is caused by PFOS and 6:2 Cl-PFESA exposures. A) Oogenic C. elegans gonads typically exhibit 
MPK-1 activation (dpMPK-1, red) in mid to late pachytene zone (pz) and proximal oocytes (oo) with reduced activation in the gonad bend (dashed yellow 
line) and no activation in the mitotic (mz), transition (tz), or early pachytene zones. Representative images of gonads from worms exposed to NGM 
treated with 900 µM (B) PFOS or (C) 6:2 Cl-PFESA show spatial changes in MPK-1 activation. Gonads exposed to (D) 900 µM PFOS showed significant 
increases in dpMPK-1 fluorescence intensity in the mitotic zone relative to pachytene but (E) 6:2 Cl-PFESA exposure did not. Both (F) PFOS and (G) 6:2 
Cl-PFESA exposures caused increasing trends in relative dpMPK-1 fluorescence intensity in the gonad bend based on linear regression modeling with 
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genes downregulated in worms lacking germ cells (Fig. 6E). 
Additionally, genes downregulated by 6:2 Cl-PFESA exposure sig
nificantly overlapped with mRNAs that bind to the RBPs GLD-1 
and FBF-1, which act as translational repressors in the germline 
(Lee et al. 2007a; Kaye et al. 2009; Scheckel et al. 2012). Genes 
downregulated by 6:2 Cl-PFESA exposure also significantly over
lapped with those depleted of sRNAs in ego-1 or glp-4 mutants, as 
well as those with antisense sRNAs that bind to CSR-1 (Table S2). 
EGO-1 is a germline-expressed RNA-dependent RNA polymerase 
that generates a class of sRNAs called 22G-RNAs (Seroussi et al. 
2023). CSR-1 is an Argonaute protein that binds 22G-RNAs, and 
22G-RNAs that bind to CSR-1 are depleted in glp-4 mutants lack
ing a germline (Caudy et al. 2003; Claycomb et al. 2009).

Beyond overlapping with RBP-specific gene sets, mRNA of sev
eral RBPs was differentially expressed with 6:2 Cl-PFESA expo
sure (Table S2). Downregulated RBP genes included those for the 
Tudor-domain proteins TSN-1 and SIMR-1, the K homology 
domain proteins MINA-1 and FUBL-4, and the Pumilio homology 
domain protein PUF-8. Upregulated RBP genes included those for 
the RNA recognition motif protein PBT-1 and the Argonaute pro
teins WAGO-4 and PPW-2. PUF-8 binds to mRNA, and PTB-1 is 
involved in splicing (Arribere et al. 2020; Xu et al. 2021). tsn-1, 
simr-1, mina-1, fubl-4, wago-4, and ppw-2 all either genetically or 
physically interact with sRNAs (Caudy et al. 2003; Haskell and 
Zinovyeva 2021; Seroussi et al. 2023); tsn-1 and fubl-4 interact 
with miRNAs, whereas simr-1, mina-1, wago-4, and ppw-2 interact 
with secondary endogenous small interfering RNAs (endo- 
siRNAs), including 22G-RNAs (Sendoel et al. 2019; Manage et al. 
2020; Seroussi et al. 2023).

Taken together, the gonad-specific mRNA sequencing data 
indicate that 6:2 Cl-PFESA exposure activates cell death, the 
innate immune system, and proteolysis while dysregulating car
bohydrate and lipid metabolism. Moreover, the data indicate a 
clear impact of 6:2 Cl-PFESA on RBP networks, particularly those 
associated with P granules and those involved in post- 
transcriptional gene regulation and sRNA function.

sRNA-seq shows multiple gonadal sRNA 
populations altered by 6:2 Cl-PFESA exposure
Because mRNA sequencing results indicated that multiple 
Argonautes and sRNA-related genes were altered by 6:2 Cl-PFESA 
exposure, we also performed sRNA sequencing and analysis on 
the same gonad samples. The C. elegans gonad has 4 main classes 
of sRNAs: piRNA (or 21U-RNA), 22G-RNA, 26G-RNA, and miRNA 
(Sundby et al. 2021). Different sRNA types associate with specific 
Argonaute proteins, facilitating different effector functions on 
target RNAs. Loss-of-function mutants for several Argonautes 
and sRNA biogenesis proteins exhibit severe germ cell defects or 
sterility in C. elegans (Rechavi and Lev 2017; Sundby et al. 2021).

Transcribed 21U-RNAs/piRNAs associate with the Argonaute 
PRG-1 in the cytoplasm (Seroussi et al. 2023). Cytoplasmic PRG-1 
concentrates in P granules, where it stabilizes and facilitates 
effector function of 21U-RNAs (Seroussi et al. 2023). Transcripts 
bound by PRG-1 via guide 21U-RNAs/piRNAs are used to generate 
22G-RNAs that promote transcriptional silencing (Sapetschnig 

et al. 2015). Mean normalized 21U-RNA levels were lower in 
gonads exposed to 6:2 Cl-PFESA compared with controls within 
each experimental repeat, but 95% confidence intervals over
lapped (P¼ 0.08) (Fig. 7A). DESeq2 analysis did not reveal differen
tial expression of any individual 21U-RNA.

22G-RNAs are endo-siRNAs generated antisense to their tran
script targets. 22G-RNAs can have various effector functions 
depending on the Argonaute pathway with which they associate 
(Seroussi et al. 2023). In the gonad samples, 22G-RNAs were iden
tified antisense to a total of 14,934 transcript targets (Table S1), 
similar to the total number of mRNA transcripts detected in the 
gonad samples. Based on sequencing results, global 22G-RNA lev
els in gonads were unchanged by 6:2 Cl-PFESA exposure (Fig. 7B). 
However, DESeq2 analysis revealed 185 significantly upregulated 
and 99 significantly downregulated (Benjamini-Hochberg 
P< 0.05) 22G-RNA target transcripts (Fig. 7C). Upregulated and 
downregulated targets of 22G-RNAs were compared with those 
previously reported to IP with germline-expressed Argonaute 
proteins to provide more insight into their biological relevance 
(Seroussi et al. 2023). Based on this analysis, targets of upregu
lated 22G-RNA were significantly enriched (Bonferroni P< 0.001) 
in those associated with the Argonautes NRDE-3, SAGO-1, PPW-1, 
HRDE-1, and WAGO-1 (Fig. 7D). NRDE-3 and SAGO-1 are 
expressed in the somatic gonad and mainly target lncRNAs for 
silencing (Billi et al. 2014; Seroussi et al. 2023) (Fig. S2A). PPW-1, 
HRDE-1, and WAGO-1 primarily target protein-coding mRNAs 
that are normally silenced in the oogenic gonad (Buckley et al. 
2012; Seroussi et al. 2023). Among targets of downregulated 22G- 
RNAs, those associated with the Argonaute PPW-2 were signifi
cantly enriched (Bonferroni P< 0.001) (Fig. 7D). PPW-2 primarily 
localizes to P granules in the mitotic/distal region of the adult 
gonad and targets spermatogenic protein-coding mRNA (Seroussi 
et al. 2023). Notably, targets of both CSR-1 and WAGO-4 22G- 
RNAs, which highly overlap with one another and include most 
constitutively expressed germline genes, were significantly 
depleted (Bonferroni P<0.001) among targets of 22G-RNAs both 
upregulated and downregulated by 6:2 Cl-PFESA exposure 
(Fig. 7D). These data indicate that, although the generation and/ 
or stabilization of constitutively expressed germline 22G-RNAs 
appears to be largely unaffected by 6:2 Cl-PFESA exposure, 
somatic and sex-specific 22G-RNAs were significantly altered.

We identified 26G-RNAs for a total of 7,886 transcript targets 
in the gonad samples. Similar to 22G-RNAs, global 26G-RNA lev
els did not differ between control and 6:2 Cl-PFESA-exposed 
gonads (Fig. S2B). Based on DESeq2 analysis, only 9 targets of 
26G-RNAs were differentially expressed (Benjamini-Hochberg 
P< 0.05), with 5 upregulated and 4 downregulated (Fig. S2C). All 
significantly downregulated targets of 26G-RNAs were also signif
icantly downregulated targets of 22G-RNAs. Three of the 5 upre
gulated targets of 26G-RNAs were also significantly upregulated 
targets of 22G-RNAs. These data are not surprising given that 
22G-RNAs can be generated in response to 26G-RNA targeting 
(Billi et al. 2014).

We detected 173 miRNAs in the gonad samples. Global miRNA 
levels did not differ significantly between control and 6:2 Cl- 

Fig. 5. Continued 
near significant increases (P<0.10) in the highest treatment groups relative to controls. Representative images of single gonad arms are shown with 
both dpMPK-1 immunofluorescence (red) and DAPI nuclei staining (white) for context. Concentrations are reported as the concentrations of solutions 
applied to solid NGM at a ratio of 1:45 volume to volume. Relative intensity ratios were normalized to the mean across all treatment groups within each 
experimental repeat. Each point represents the mean relative intensity ratio from gonads of 7 to 20 (PFOS) or 3 to 15 (6:2 Cl-PFESA) individual C. elegans 
exposed on a single NGM-containing plate. n¼ 3 independent NGM plates per treatment. Error bars represent mean and standard deviation. #P<0.10, 
�P< 0.05 (one-way Welch’s ANOVA with Dunnett’s T3 post hoc). Scale bar¼50 µm.
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Fig. 6. Shifts in the gonad transcriptome are evident from 6:2 Cl-PFESA exposure. Gonad-specific mRNA sequencing data reveal that worms exposed to 
NGM treated with 450 µM 6:2 Cl-PFESA exhibited (A) 115 significantly upregulated and 85 significantly downregulated (Benjamini–Hochberg P< 0.05) 
gene isoforms based on differential expression analysis. GO analysis using PANGEA experimental gene sets shows (B) cell death, metabolic, and 
immune gene sets enriched among upregulated genes and (C) metabolic, enzyme, and lipid transport gene sets enriched among downregulated genes. 
Gene set enrichment analysis using WormExp showed significant overlap (Bonferroni P< 0.05) of (D) upregulated genes with those upregulated by P 
granule loss or germ cell loss, whereas (E) downregulated genes significantly overlapped with those specific to germ cells as well as small RNA and RBP 
targets. RNA samples were pooled from gonads of approximately 140 individual C. elegans exposed on a single NGM-containing plate. n¼3 independent 
NGM plates per treatment (water or 450 µM 6:2 Cl-PFESA applied to NGM). FC: fold change; RBP: RNA-binding protein. Horizontal dashed line marks 
Benjamini–Hochberg adjusted P-value of 0.05. Vertical dashed lines mark FC 0.75 and 1.25.
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PFESA-exposed gonads (Fig. 7E). Based on DESeq2 analysis, 4 
miRNAs were differentially expressed (P<0.05), with 1 upregu
lated and 4 downregulated (Fig. 7F). The significantly upregulated 

miRNA was miR-786, which is expressed in gonadal sheath cells, 
as well as the intestine, and represses fatty-acid elongase ELO-2 
(de Lencastre et al. 2010; Kemp et al. 2012). Two of the 

Fig. 7. 6:2 Cl-PFESA exposure alters specific sRNA subpopulations in the oogenic gonad. sRNA sequencing of gonads revealed that (A) mean 21U-RNA/ 
piRNA levels were lower with 6:2 Cl-PFESA and reached near significance (P<0.10). B) Global 22G-RNA levels were not significantly changed by 6:2 Cl- 
PFESA exposure. C) DESeq2 analysis of 22G-RNAs indicated that 185 targets of 22G-RNAs were significantly upregulated and 99 targets were 
significantly downregulated (Benjamini–Hochberg P<0.05), as shown in the volcano plot. D) Based on the hypergeometric distribution, targets of 
upregulated 22G-RNAs were significantly enriched (Bonferroni P<0.001) for those that immunoprecipitate with the Argonautes NRDE-3, SAGO-1, PPW- 
1, and WAGO-1 based on data from Seroussi et al. 2023. Targets of downregulated 22G-RNAs were significantly enriched (Bonferroni P<0.001) for those 
that immunoprecipitate with the Argonaute PPW-2. E) Global miRNA levels in gonads did not significantly differ by 6:2 Cl-PFESA exposure. F) One 
miRNA was significantly upregulated (Benjamini–Hochberg P < 0.05) and three miRNAs were significantly downregulated (Benjamini–Hochberg P <
0.05) by 6:2 Cl-PFESA exposure, as shown in the volcano plot. sRNA reads were calculated per million genome-mapped reads (excluding sense-mapped 
reads that likely represent degradation products) and normalized to the mean across treatment groups within each experimental repeat. 
Concentrations are reported as the concentrations of solutions applied to solid NGM at a ratio of 1:45 volume to volume. RNA samples were pooled 
from gonads of approximately 140 individual C. elegans exposed on a single NGM-containing plate. n¼ 3 independent NGM plates per treatment. Error 
bars represent mean and standard deviation. RPM, reads per million; EF, enrichment factor; FC, fold change. Horizontal dashed line marks Benjamini– 
Hochberg adjusted P-value of 0.05. Vertical dashed lines mark FC 0.75 and 1.25.
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significantly downregulated miRNAs were mir-36 and mi-39, 
which belong to the mir-35 family. miR-35 family miRNAs are 
restricted to the germline and are most strongly expressed in 
late-pachytene, diplotene, and diakinesis-stage oocytes (McEwen 
et al. 2016; Minogue et al. 2018). Mutations in miR-35 family 
miRNAs cause dysregulation of MPK-1, Pex defects, and repro
ductive dysfunctions (Minogue et al. 2018; Tran et al. 2019), 
resembling effects we observed with 6:2 Cl-PFESA and PFOS expo
sures. The other downregulated miRNA, mir-77, is expressed at 
moderate levels in the gonad but is enriched in the intestine 
(Diag et al. 2018; Brosnan et al. 2021). mir-77 mutants exhibit 
increases in embryonic lethality (Brenner et al. 2010).

Overall, the sRNA sequencing data are consistent with the 
mRNA sequencing data, indicating that 6:2 Cl-PFESA exposure 
dysregulates essential gonad genes and differentially affects 
22G-RNA populations. In addition, the data point toward dys
function of processes mediated via P granules, liquid-like biomo
lecular condensates associated with the nuclear pores of 
developing germ cell nuclei. Many P granule functions have been 
shown to be dependent upon proper P granule structure, which 
can be altered by genetic manipulations, thermal stress, and 
changes in physicochemical properties. Therefore, it is possible 
that 6:2 Cl-PFESA exposure could impact gonad functions by 
altering P granule homeostasis.

6:2 Cl-PFESA and PFOS disrupt P granule 
structure with ex vivo exposure
As mentioned above, 6:2 Cl-PFESA and PFOS, similar to many 
other PFAS, are potent surfactants (Buck et al. 2011), and thus, 
may cause the disruption of various biomolecular condensates, 
including P granules. To test this hypothesis, we exposed worms 
with fluorescently labeled PGL-1, a core P granule protein, to 
PFOS or 6:2 Cl-PFESA both ex vivo and in vivo.

Ex vivo exposure of gonads in a 1:1 M9:water negative control 
solution did not cause substantial changes in P granule structure 
(Fig. 8A). Consistent with previous studies by others (Updike et al. 
2011), exposure to the positive control solution 5% 1,6-hexanediol 
resulted in complete dissolution of P granules within 4 min 
(Fig. 8B). Ex vivo exposure to 450 μM PFOS resulted in a steady 
decrease in the proportion of pachytene nuclei exhibiting perinu
clear granules over the course of 16 min from initial treatment. 
By 16 min post exposure, the proportion of nuclei with perinu
clear granules was significantly reduced to about 47% (95% CI: 7– 
52; P¼ 0.007) (Fig. 8C and D). Ex vivo exposure to 10 μM PFOS did 
not cause changes in the number of perinuclear PGL-1 granules 
but did increase diffuse PGL-1 in the gonad (Fig. 8E).

Ex vivo exposure to 450 μM 6:2 Cl-PFESA produced more rapid 
and dramatic reductions in perinuclear granules with less than 
10% (95% CI: 0–31; P¼ 0.0008) of nuclei exhibiting perinuclear 
granules by 12 min post exposure (Fig. 8F). By 16 min, nearly all 
perinuclear granules were completely lost, leaving a diffuse GFP 
signal in the gonad (Fig. 8G). Results of ex vivo exposure to 10 μM 
6:2 Cl-PFESA were similar to 10 μM PFOS exposure (Fig. 8H).

When imaging live animals after in vivo exposures, the PGL-1:: 
GFP reporter strain showed a partially diffuse pattern in a sub
stantial proportion of control worms, likely due to the effects of 
levamisole. Levamisole is needed to immobilize the worms for 
live imaging but has previously shown effects on PGL-1::GFP 
localization (Elaswad et al. 2022). Therefore, we used an alterna
tive PGL-1::RFP reporter strain for in vivo exposures since PGL-1:: 
RFP appeared to maintain normal perinuclear localization in con
trol worms during microscopy imaging. Following 96 h of in vivo 
PFOS or 6:2 Cl-PFESA exposure starting from embryos, we did not 

observe consistent changes in PGL-1::RFP granule number, size, 
or fluorescence intensity in gonads of any of the treatment 
groups (data not shown).

Although pgl-1 mRNA levels were not significantly altered by 
6:2 Cl-PFESA exposure, we observed evidence from our mRNA 
and sRNA sequencing data that 6:2 Cl-PFESA exposure could 
impact the function of the PGL-1 protein. To determine if PFOS or 
6:2 Cl-PFESA interacts with pathways controlling P granule 
homeostasis, we tested whether the partial sterility phenotype of 
pgl-1 loss-of-function mutant worms could be enhanced by PFAS 
exposure. Thus, pgl-1(bn102) worms were exposed to PFOS and 
6:2 Cl-PFESA. At 20 �C, pgl-1(bn102) mutants, which likely have a 
null pgl-1 allele, have a reported sterility incidence of approxi
mately 10%, compared with 0% sterility in wild-type worms 
(Kawasaki et al. 1998). In our hands, pgl-1(bn102) mutants exhib
ited a mean sterility incidence of 3%. Based on Poisson regression 
with offset for treatment group size, PFOS exposure in pgl-1 
(bn102) mutants caused an increasing trend in sterility incidence 
with increasing concentration (McFadden pseudo-R2¼0.06, 
P¼ 0.003) (Fig. S3B). 6:2 Cl-PFESA exposure in pgl-1(bn102) 
mutants did not cause significant effects on sterility.

Ex vivo exposure to PFOS and 6:2 Cl-PFESA led to disruption in 
P granule structure, but in vivo exposure did not. These differen
ces are likely due to differences in exposure concentrations, with 
studies of surfactant proteins showing that high concentrations 
lead to inhibition of LLPS, a key process that drives P granule for
mation (Sanchez-Burgos et al. 2021). Although the in vivo effects 
were not strong enough to substantially affect sterility in the pgl- 
1(bn102) mutants, these data suggest that germ cell dysfunction 
from PFOS or 6:2 Cl-PFESA exposure could be in part mediated by 
P granules.

PFAS exposure interacts with other germline 
processes requiring phase separation
Because our results indicated that PFAS exposure altered the 
structure and function of P granules, we wondered if PFAS expo
sure could similarly impact other membraneless subcellular 
structures with liquid-like properties. We chose to focus on the 
SC, an evolutionarily conserved structure that is essential for 
proper chromosome segregation during meiosis. Originally 
thought to be a rigid structure due to its ladder-like appearance 
under electron microscopy, the SC has more recently been shown 
to have liquid-crystalline properties, to be highly dynamic 
throughout meiotic progression, and to be susceptible to destabi
lization by treatment with 1,6-hexanediol like P granules (Rog 
et al. 2017). Furthermore, recent evidence also indicates that 
proper assembly of the SC between homologous chromosomes 
depends on CSR-1 and lncRNAs (Tabara et al. 2023). To deter
mine if PFOS or 6:2 Cl-PFESA may alter the function of the SC, we 
examined embryonic lethality in syp-3(ok758) partial-rescue (i.e. 
hypomorphic) worms (strain CA1218), in which a low but detect
able level of embryonic lethality has been reported (Rog et al. 
2017).

Unexpectedly, in vivo exposure to PFOS or 6:2 Cl-PFESA at all 
concentrations tested caused dramatic increases in embryonic 
lethality in the CA1218 partial-rescue strain (Fig. 9A). Exposure to 
NGM treated with 900 μM PFOS or 6:2 Cl-PFESA caused a mean 
embryonic lethality of 97% (95% CI: 70–100; P<0.0001) and 95% 
(95% CI: 69–99; P< 0.0001), respectively. Notably, almost half of 
individual worms in these exposure groups exhibited 100% 
embryonic lethality and produced no surviving offspring. 
Although the CA1218 partial-rescue strain exhibits moderately 
elevated embryonic lethality compared with wild type 
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(approximately 11% versus <1%), homozygous syp-3(ok758) 
mutants exhibit approximately 95% embryonic lethality 
(Smolikov et al. 2007). Thus, PFOS and 6:2 Cl-PFESA exposures in 
the CA1218 strain phenocopied a complete syp-3 loss-of-function 
mutation, demonstrating a strong gene–environment interac
tion.

In the CA1218 strain, the homozygous mutation of the hypo
morphic syp-3(ok758) allele is partially rescued by a syp-3::gfp 
fusion transgene (Rog et al. 2017). Thus, we monitored in these 
worms the localization of the GFP-tagged SYP-3 following PFAS 
exposure. Worms exposed to PFOS or 6:2 Cl-PFESA in vivo did not 

exhibit obvious changes in SYP-3::GFP localization or structure 
based on epifluorescence imaging (data not shown). Attempts at 
ex vivo PFOS or 6:2 Cl-PFESA exposures were inconclusive due to 
the fast rate of GFP quenching and sensitivity of SYP-3::GFP to 
disruption under our microscopy conditions. Similarly, we did 
not observe obvious signs of aneuploidy (i.e. >6 DAPI-stained 
bodies) at diakinesis (data not shown).

Finally, we monitored the surviving CA1218 broods for male 
incidence. C. elegans with two X chromosomes are hermaphro
dites, but chromosome separation errors that result in a single X 
chromosome generate males. Mean male incidence was slightly 

Fig. 8. PFOS and 6:2 Cl-PFESA disrupt P granule structure with ex vivo exposure. A) P granules (red arrow) in the pachytene region of gonads exposed ex 
vivo to 50% M9 in water solution (negative control) maintain their perinuclear, punctate structure for at least 16 min. Ex vivo exposure to (B) 5% 1,6- 
hexanediol (positive control) causes a complete loss of P granule structure and diffuse PGL-1 in the gonad core. Exposure to (C) 450 µM PFOS leads to 
approximately 50% of P granules losing their punctate structure after 16 min with diffuse PGL-1 evident (D). Exposure to (C) 10 µM PFOS has no effect at 
16 min, though (E) more diffuse PGL-1::GFP is visible compared with controls. Exposure to (F, G) 450 µM 6:2 Cl-PFESA causes near complete loss of 
punctate P granules by 12 min. Exposure to (F) 10 µM 6:2 Cl-PFESA has no effect on number of punctate at 16 minutes, though (H) more diffuse PGL-1:: 
GFP is visible compared with controls. Representative images of the mid-pachytene region of gonads are shown with PGL-1::GFP in green. 
Concentrations are reported as final ex vivo exposure concentrations from liquid treatment solutions applied to drops of M9 at a ratio of 1:1 volume to 
volume. The mean percentage of pachytene nuclei with punctate PGL-1 were assessed from 2 to 4 individual gonads exposed on a single microscope 
slide per time point. n¼3 to 5 independent microscope slides per treatment. Error bars represent mean and standard deviation. #P< 0.10, ��P<0.01, 
���P <0.001 (two-way ANOVA with Dunn post hoc). Scale bar¼15 µm.
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elevated in the CA1218 worms exposed to NGM treated with 
225 μM 6:2 Cl-PFESA but did not reach statistical significance 
(Fig. 9B). However, because the surviving brood size in all PFAS 
treatment groups was so low, it is possible that the sample size 
was too small to detect effects on this endpoint.

Although we were unable to determine the exact cause of the 
drastic increase in embryonic lethality in the CA1218 syp-3(ok758) 
partial-rescue worms exposed to PFAS, it is consistent with our 
other findings showing negative effects of PFOS and 6:2 Cl-PFESA 
on meiosis through post-transcriptional and post-translational 
processes in oogenic germ cells.

Discussion
We have shown that PFOS, and its chlorinated ether analog 6:2 
Cl-PFESA, impair germ cell differentiation, reduce the number of 
functional oocytes, and disrupt reproductive capacity in a dose- 
dependent manner. Using a systems toxicology approach, we 
have identified several interacting mechanisms that likely medi
ate these negative effects, with a key focus on post- 
transcriptional regulatory networks.

We propose that PFAS, based on their surfactant characteris
tics, disrupt the assembly and/or maintenance of subcellular 
structures that rely on phase separation, including P granules 
and the SC. Assembly and maintenance of phase-separated 
structures depend on weak intermolecular forces between pro
teins and RNAs, including hydrophobic and electrostatic interac
tions. As anionic surfactants, PFOS and 6:2 Cl-PFESA have the 
potential to alter the thermodynamic favorability of protein–pro
tein and RNA–protein interactions and biomolecular partitioning 
into the bulk versus condensed phase. Additionally, anionic PFAS 

have previously been shown to alter secondary protein structure 

(Prieto et al. 2004; Messina et al. 2007; Wang et al. 2016), which 

could further change the accessibility of charged or hydrophobic 

residues and their intermolecular interactions. With both in vivo 

and ex vivo exposures, PFOS and 6:2 Cl-PFESA appear to exhibit 

effects similar to those we observed with exposure to 1,6-hexane

diol, which disrupts P granules and the SC and causes embryonic 

lethality (Lemmens and Tijsterman 2011; Updike et al. 2011; 

Zhang et al. 2020; Liu et al. 2021; Jones and Forsburg 2023; 
Gomb�as and Vill�anyi 2024; Neves et al. 2025).

Our mRNA sequencing data show that 6:2 Cl-PFESA exposure 

caused a shift in the gonad transcriptional profile toward one 

that resembles worms lacking P granules or lacking germ cells 

entirely. Consistent with these mRNA data, expression of oocyte- 

enriched miRNAs of the miR-35 family was also significantly 

reduced by 6:2 Cl-PFESA exposure. 22G-RNAs associated with 

Argonaute proteins involved in somatic gene silencing pathways, 

as well as those involved in sex-specific germline gene silencing, 

were significantly increased, further suggesting dysregulation of 

the germ cell program via sRNAs. In addition, 6:2 Cl-PFESA expo

sure downregulated mRNA expression of the Pumilio RBP PUF-8, 

which promotes mitotic germ cell proliferation and suppression 

of somatic transcripts (Bachorik and Kimble 2005; Ariz et al. 

2009; Mainpal et al. 2011). mRNA of germ cell-specific RBPs 

MINA-1, PPW-2, and WAGO-2 were also differentially expressed. 

These RBPs act as part of a regulon that impacts germ cell apop

tosis and brood size (Sendoel et al. 2019). All in all, these data 

show negative effects of 6:2 Cl-PFESA on the post-transcriptional 

gene regulation processes essential for maintaining totipotency 

and germ cell identity (Ciosk et al. 2006; Knutson et al. 2017).

Fig. 9. PFOS or 6:2 Cl-PFESA exposures cause drastic synthetic embryonic lethality in a synaptonemal complex partial-rescue mutant. In the CA1218 
syp-3(ok758) partial-rescue (PR) strain, where loss of function of the essential synaptonemal complex protein SYP-3 is partially rescued by an 
extrachromosomal syp-3::GFP fusion gene, exposure to solid NGM treated with (A) 450 µM and 900 µM PFOS or 6:2 Cl-PFESA caused significant increases 
in embryonic lethality. In the 900 µM treatment groups, most worms exhibited complete brood loss (i.e. 100% embryonic lethality). Chromosome 
separation errors in C. elegans lead to the generation of males (XO) instead of hermaphrodites (XX). The mean incidence of males was increased with 
exposure to (B) 225 µM 6:2 Cl-PFESA, though confidence intervals overlapped with controls. The surviving brood size of the worms exposed to NGM 
treated with 450 µM and 900 µM PFOS or 6:2 Cl-PFESA was too small (fewer than 20 surviving offspring pooled from 4 to 5 adult worms) to allow for 
assessment of male incidence in these groups. Concentrations are reported as the concentrations of treatment solutions applied to solid NGM at a ratio 
of 1:45 volume to volume. Each point represents the mean percent embryonic lethality from the pooled broods of 4 to 5 individual C. elegans exposed on 
each of 4 to 5 NGM-containing plates. n¼3 to 5 independent experimental repeats per treatment. Error bars represent mean and standard deviation. 
#P< 0.10, ���P < 0.001, ����P<0.0001 (one-way Welch’s ANOVA with Dunnett’s T3 post hoc).
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Our mRNA sequencing data also suggest potential germ cell- 
autonomous and non-autonomous pathways by which 6:2 Cl- 
PFESA exposure could cause the observed misactivation of MPK-1 
in the gonad. Downregulation of inx-14, acs-4, and nmt-1 suggests 
impaired fatty acid transport from the soma to the gonad may 
play a role. Germline fatty acids are supplied from the intestine 
via gonad sheath–germ cell innexins, including INX-14 (Starich 
et al. 2020). The reduced transcript expression of the acyl-CoA 
synthetase acs-4 and the N-myristoyltransferase nmt-1 suggests 
that decreased transport of fatty acids from the soma into the 
gonad could lead to reductions in protein myristoylation. NMT-1 
specifically catalyzes the myristoylation of the phosphatase PPM- 
2, which is necessary for it to deactivate MPK-1 (Tang and Han 
2017). acs-4 loss-of-function mutants exhibit high levels of 
dpMPK-1 and fail to initiate oogenesis (Tang and Han 2017). 
Additionally, the downregulation of miR-35 expression in germ 
cells could lead to reduced translational suppression of the kin
ase NDK-1, which promotes MPK-1 activation and germ cell 
apoptosis in response to stress (Tran et al. 2019). miR-35–41 
(nDf50) mutants further exhibit Pex defects as well as reduced 
numbers of oocytes and smaller brood size (Minogue et al. 2018). 
Downregulation of puf-8 in the gonad could also contribute to 
MPK-1 misactivation since PUF-8 suppresses mRNA of LET-60 (a 
Ras ortholog and activator of MPK-1) (Vaid et al. 2013). These 
data further support the conclusion that 6:2 Cl-PFESA exposure 
causes germ cell and reproductive defects through post- 
transcriptional and post-translational mechanisms that may be 
rooted in P granule dysfunction.

Our observations that ex vivo exposures to PFAS almost com
pletely disrupted P granule structure, whereas in vivo exposures 
did not, could be explained by relative PFAS concentrations. In 
biological contexts with proteins that can act as surfactants, a 
low surfactant to non-surfactant protein ratio allows for growth 
and stabilization of phase-separated droplets (Sanchez-Burgos 
et al. 2021). This scenario appears comparable to our in vivo 
exposures, where internal PFAS concentrations were likely rela
tively low. In contrast, a high surfactant-to-non-surfactant pro
tein ratio can completely abrogate phase separation (Sanchez- 
Burgos et al. 2021). This scenario appears comparable to our ex 
vivo exposures, where gonads were in direct contact with PFAS 
solutions and P granule structure was nearly completely dis
rupted. Even without dissolution of P granules, stabilization of P 
granules at lower PFAS concentrations could still impair P gran
ule function by altering the dynamics of proteins and RNA parti
tioning between granules and the bulk cytoplasm.

To the best of our knowledge, this is the first study to examine 
the potential effects of PFAS exposure on phase separation and 
functional consequences in living organisms. Other physico
chemical effects of PFAS exposure on cellular components have 
been examined. For example, it has been proposed that increases 
in membrane fluidity and permeability are key events in male 
reproductive toxicity from PFAS (Lu et al. 2023). However, many 
studies have focused on receptor-mediated mechanisms of PFAS 
health effects, particularly peroxisome proliferator-activated 
receptors (PPARs) (Evans et al. 2022). Interestingly, heterodimers 
of PPARβ and retinoid X receptor undergo phase separation at 
PPAR response elements to promote transcription of target genes 
(Li et al. 2022). Therefore, it is possible that alterations in phase 
separation contribute to receptor-mediated effects of PFAS expo
sure.

Although our study is strengthened by the multiple lines of 
evidence we present, it also has limitations. A significant limita
tion is that we do not know the internal doses that resulted from 

the external exposures to high PFOS or 6:2 Cl-PFESA levels. 
Gonad-specific measurement of these PFAS would be infeasible 
given the small mass of C. elegans gonads. Others have measured 
whole-worm PFAS concentrations following feeding with PFAS- 
treated bacteria, which is similar to our exposure scenario 
(Stylianou et al. 2019). When fed bacteria incubated in 25 μM 
PFOS, worms had a whole-body concentration of 4 ng/g 
(Stylianou et al. 2019). We expect that our exposures resulted in 
similar concentrations given the 1:45 volume-for-volume dilution 
of our treatment solutions on solid NGM and the primary route 
of exposure being ingestion.

This study points to a potential novel mechanism of action of 
PFAS: Alterations of biomolecular condensates leading to tran
scriptional and functional impacts on germ cell function. Since 
the 1950s, thousands of different PFAS have been synthesized by 
humans and incorporated broadly into industrial processes and 
consumer products due to their physicochemical characteristics, 
including high thermal and oxidative stability and low surface 
tension (Berger et al. 2011). However, while these properties 
make PFAS desirable commercially, our work and that of others 
suggest that they may also underlie the impacts of PFAS on fun
damental biophysical and chemical properties of living systems 
(Salwiczek et al. 2012). Effects on protein–protein and protein– 
RNA interactions should be examined further in future toxicolog
ical investigations of PFAS.
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