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Abstract

Germ granules harbor processes that maintain germline integrity and germline stem cell capacity.
Depleting core germ granule components in C. elegans leads to the reprogramming of germ

cells, causing them to express markers of somatic differentiation in day-two adults. Somatic
reprogramming is associated with complete sterility at this stage. The resulting germ cell atrophy
and other pleiotropic defects complicate our understanding of the initiation of reprogramming and
how processes within germ granules safeguard the totipotency and immortal potential of germline
stem cells. To better understand the initial events of somatic reprogramming, we examined total
mRNA (transcriptome) and polysome-associated mRNA (translatome) changes in a precision
full-length deletion of g/A-1, which encodes a homolog of the germline-specific Vasa/DDX4
DEAD-box RNA helicase. Fertile animals at a permissive temperature were analyzed as young
adults, a stage that precedes by 24 h the previously determined onset of somatic reporter-gene
expression in the germline. Two significant changes are observed at this early stage. First, the
majority of neuropeptide-encoding transcripts increase in both the total and polysomal mRNA
fractions, suggesting that GLH-1 or its effectors suppress this expression. Second, there is a
significant decrease in Major Sperm Protein (MSP)-domain mRNAs when g/A-1 is deleted. We
find that the presence of GLH-1 helps repress spermatogenic expression during oogenesis, but
boosts MSP expression to drive spermiogenesis and sperm motility. These insights define an early
role for GLH-1 in repressing somatic reprogramming to maintain germline integrity.
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1. Introduction

Cytoplasmic, germline-specific ribonucleoproteins called germ granules are hubs of small
RNA biogenesis and amplification (Phillips and Updike, 2022). In C. elegans, processes
within germ granules confer a transgenerational memory of gene expression and ensure
robust fertility and cellular potency through environmental challenges. Coincident depletion
of four core germ-granule components (pgl-1, pgl-3, glh-1, glh-4) by RNAI feeding (germ-
granule RNAI) prevents germ-granule assembly in the progeny, and consequently, germ cells
lose potency and express markers of somatic differentiation (Updike et al., 2014). Early
events that trigger somatic reprogramming following germ granule depletion are difficult

to ascertain as somatic reporters are not expressed in germ-granule depleted animals until
the second day of adulthood, coincident with atrophied germlines and other pleiotropic
defects. Transcriptional profiling of dissected germlines during the early events of somatic
reprogramming reveals a slight decrease in oogenic mRNAs, higher levels of spermatogenic
mRNAs, and evidence of an incomplete sperm-to-oocyte switch, but no overall increase

in soma-enriched transcripts (Campbell and Updike, 2015). A follow-up study profiled
mRNAs from the fourth larval stage to the second day of adulthood following germ-granule
RNAI depletion (Knutson et al., 2017). Here, evidence was found for increased somatic
mRNA accumulation in the germline, but again, not until the second day of adulthood.
None of these three studies completely uncoupled the accumulation of somatic mRNAs
from germ-line atrophy and sterility. These approaches were unable to delineate the early
events of somatic reprogramming or fully resolve whether processes within intact germ
granules antagonize somatic expression through mRNA accumulation, mRNA translation, or
a combination of both.

Importantly, Knutson et al. demonstrated that the germline expression of GFP-tagged
somatic transgenes could be recapitulated in strains carrying a g/h-7 loss-of-function allele.
At 24 °C, the efficiency of somatic reprogramming in this g/A-/ mutant was nearly three
times higher than with germ-granule RNAI or in pg/-/ or pgl-1; pgi-3 mutant strains at the
same temperature (Knutson et al., 2017). At restrictive temperatures of 26 °C, this loss-of-
function allele is sterile, with spermatheca nearly devoid of sperm (Spike et al., 2008). This
finding suggested that early and initial somatic reprogramming events can be uncoupled
from sterility and other germline defects if profiled in healthy g/A-/ loss-of-function mutants
prior to somatic reporter expression. Here we have taken that approach, profiling both

the transcriptome and translatome of a precise g/A-/ full coding region deletion strain in
synchronized one-day-old adults grown at the permissive temperature of 20 °C — conditions
optimized to preserve germline development and minimize the occurrence of pleiotropic
defects.
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GLH-1 is a homolog of Vasa/DDX4, a non-sequence-specific DEAD-box RNA helicase
expressed in the germ cells of animals. In C. elegans, there are four GLH proteins, GLH-1,
GLH-2, GLH-3, and GLH-4 (Kuznicki et al., 2000). Both GLH-1 and GLH-4 are found in
other nematode species, while GLH-1 gave rise to GLH-2 and GLH-3 through a more recent
duplication in C. elegans (Bezares-Calderon et al., 2010; Spike et al., 2008). Of the four
GLH proteins, only GLH-1 and GLH-2 contain all the signature domains that distinguish
Vasa from other DEAD-box helicases (Marnik et al., 2019). GLH-1 is the most prominent
of the four GLHs in expression, germ-granule dispersion, and germline phenotypes, but null
alleles retain fertility at the permissive temperature of 20 °C due to partial redundancy with
GLH-2 and GLH-4 (Kuznicki et al., 2000; Spike et al., 2008). This redundancy provides the
opportunity to survey subtleties in germline development caused by the loss of GLH-1.

Models for Vasa/DDX4 function emphasize its association with Argonaute proteins to
stimulate piRNA amplification in the germline (Dai et al., 2022; Dehghani and Lasko, 2016;
Kuramochi-Miyagawa et al., 2010; Malone et al., 2009; Megosh et al., 2006; Wenda et al.,
2017; Xiol et al., 2014). While C. elegans glh-1 mutants do not show exogenous RNAi
defects (Spike et al., 2008), germline RNAI inheritance is compromised (Spracklin et al.,
2017). GLH-1 has also been shown to bind specific microRNAs to facilitate translational
silencing (Dallaire et al., 2018). Multiple studies have demonstrated an affinity between
GLH-1 and the Argonautes PRG-1 and WAGO-1 (Chen et al., 2020, 2022; Dai et al.,

2022; Marnik et al., 2019; Price et al., 2021). In addition, the depletion of germ-granule
components phenocopies prg-/ mutant sterility and increased spermatogenic transcripts.
(Campbell and Updike, 2015; Cornes et al., 2022; Spichal et al., 2021). Currently, evidence
directly implicating small RNA regulation to somatic reprogramming in g/A-/ mutants is
sparse and may point to functions of GLH-1 that are piRNA-independent.

One likely function for Vasa/DDX4 homologs like GLH-1 during germ cell development is
translational regulation (Mercer et al., 2021) or, more specifically, the hand-off from germ-
granule-mediated mRNA surveillance prior to translation initiation. As such, the impact of
GLH-1 on expression would be better assessed by profiling the translation efficiency of
individual mRNAs along with changes in their abundance. Vasa/DDX4 resembles eukaryotic
initiation factor-4A (elF4A) (Lasko and Ashburner, 1988). In Drosophila, Vasa activates the
translation of nanos in the pole plasm of the embryo in conjunction with the translation
initiation factor eI[F5B (Carrera et al., 2000; Gavis and Lehmann, 1994; Johnstone and
Lasko, 2004). Vasa also mediates translational repression through interactions with RNA-
binding proteins Bruno and the eIF4E interacting protein, Cup (Ottone et al., 2012). GLH-1
exhibits an affinity for the elF3 complex in C. elegans (Marnik et al., 2019). In Drosophila,
piRNA regulation via the PIWI protein Aubergine recruits elF3 to activate translation in

the germplasm (Ramat et al., 2020). In mammals, a MIWI/piRNA/elF3 complex binds a
subset of spermiogenic mRNAs to activate their translation (Dai et al., 2019). Therefore,
Vasa/DDX-4/GLH proteins likely play dynamic roles in transitioning from RBP-, micro-
RNA-, or piRNA-mediated translational repression to initiation complex assembly and
mRNA translational activation. C. elegans germ granules are known assembly sites of
elF4E:4EIP complexes that have been shown to exert translational repression as messenger
ribonucleoproteins (mRNPs) (Huggins et al., 2020; Huggins and Keiper, 2020); however, the
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extent to which germ-granule components interface with translation initiation complexes has
not thoroughly been explored.

Here an alternative approach is used to decipher the impact of GLH-1 on germline
development. Rather than evaluating mRNA regulation in severe terminal phenotypes, we
examine more subtle impacts on the transcriptome and translatome when germ-granule
assembly, in other-wise healthy one-day-old adults, is compromised by g/h-1 loss. We

find that most changes in mRNA accumulation correlate with its fraction being translated,;
however, increases of spermatogenic mRNAs are largely offset to wild-type levels in

their translation. Two smaller gene classes stand out in their regulation by GLH-1. First,

the abundance of MSP-domain-encoding mRNAs decreases in both total and translated
fractions in the absence of GLH-1, in contrast to most other spermatogenic mRNAs

that accumulate when germ granules are compromised. This decrease in MSP expression
impacts spermiogenesis, specifically pseudopod extension, and suggests that GLH-1 drives
MSP expression and spermiogenesis under wild-type conditions. Second, mRNAs encoding
neuropeptides accumulate and become translated upon germ-granule depletion or g/ha-/ loss.
These increases suggest that processes within germ granules initially antagonize neuronal
reprogramming, not by blocking the expression of neuronal transcription factors but by
quelling the expression of neuropeptides. A critical next step will be determining the
GLH-1-dependent processes through which MSP and neuropeptide mRNAs are recognized
and regulated.

2. Material and methods

2.1. C. elegans strains and maintenance

Strains were maintained at 20 °C on nematode growth medium (NGM) agar plates

seeded with Escherichia coli OP50 as previously described (Brenner, 1974). The strain
designated as wild type (WT) - DUP64: glh-1(sam24[glh-1::gtp::3xFlag]) 1, and the

strain designated as ( glh-1) - DUP144: gih-1(sam65[ glh-1:.gtp.:3xFlag])1, were
previously described (Marnik et al., 2019). A CRISPR/Cas9 protocol adapted from (Ghanta
and Mello, 2020) was used on WT DUP64 and g/h-1 DUP144 to create DUP206:
glh-1(sam24/glh-1:.:gtp::3xFlag]) l; msp-142(sam116 [msp-142::mCherry::V5]) 11,
DUP210: glh-1(sam65 [ glh-1::gtp::3xFlag])l; msp-142(sam116[msp-142::mCherry::V5])
I, DUP211: gih-1(sam24 [glh-1::glp::3xFlag])l; ssq-1(sam120[V5::mCherry::ssq-1]) 1V,
and DUP216: glh-1(sam65[ glh-1.:.gtp::3xFlag])1; ssq-1(sam120[V5::mCherry..ssq-1])
IV. The him-3(e1490) allele was crossed into WT DUP64, glh-1 DUP144, DUP206,

and DUP211 to generate KX199: gih-1(sam24 [glh-1::gtp..3xFlag]) 1; him-5 (e1490)V,
KX200: gih-1(sam65 [ glh-1::gfp::3xFlag])1; him-5 (e1490)V, KX197: glh-1(sam24
[glh-1::gtp::3xFlag]) 1; ssq-1(sam120[V5.::mCherry::ssq-1]) 1V, him-5 (e1490)V, and
KX198: glh-1(sam24/glh-1::gtp::3xFlag])l; msp-142(saml16[msp-142::mCherry::V5])11;
him-5 (el490) V. KX199, KX200, KX197, and KX198 strains demonstrated an increased
male population by about 20-25%. The strain carrying fog-2(q71) V used in the mating
assay was derived from JK574.
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2.2. Polysome profiling and mRNA-seq

C. elegans strains DUP64 gilh-1(sam24[glh-1::gfp::3xFlag]) and DUP144

glh-1(samo65[ glh-1::gtp::3xFlag]) I (Marnik et al., 2019) were used in the polysome
profiling experiments. For each of three replicates from each strain, 25 recently starved
plates (Fig. 1A and ) of either DUP64 (WT) or DUP144 ( glh-1) were added to 1L of S
Media with 5 g of freeze-dried OP50 (LabTie, Leiden, The Netherlands). These cultures
were separated into four 250 ml aliquots in 1L beveled flasks to improve aeration (Figs. 1A
and 2) and incubated in shakers at 20 °C. Once worms were gravid, they were precipitated
and washed. 40 ml of bleach solution (3 parts water, 1 part Clorox bleach, 0.1 parts 10M
NaOH) was prepared (Figs. 1A and 3) and added to the worms for 3 min, followed by three
washes, to harvest embryos (Figs. 1A and 4) which were then allowed to hatch overnight
on unseeded plates. Synchronized L1-staged worms were used to inoculate 1L of S Media
with OP50, separated into four flasks (Figs. 1A and 5), and grown for approximately 40 h
until the majority reached the young adult stage. Young adults were precipitated with a pear
funnel (Figs. 1A and 6), washed, pelleted, and flash frozen in 1-ml aliquots.

For each strain and replicate, pelleted worms were lysed by grinding in solubilization buffer
(300 mM NaCl, 50 mM Tris—-HCL pH 8, 10 mM MgCl,, 1 mM EGTA, 200 pg ml~! heparin,
400 U mL™! RNAsin, 1 mM PMSF, 0.2 mg ml™! cycloheximide, 1% Triton X-100, 0.1%
sodium deoxycholate). Half of the sample was used for total RNA isolation (Figs. 1A and
7). The other half of the lysate was loaded onto a 10-50% sucrose gradient in high salt
resolving buffer (140 mM NacCl, 25 mM Tris—HCL pH 8, 10 mM MgCl,). Gradients were
resolved by ultracentrifugation in a Beckman SW41Ti rotor at 38 000 x gat 4 °C for 2 h.
Fractions of the gradients were continuously monitored at an absorbance of 254 nm using a
Teledyne density gradient fractionator collecting the polysome fraction.

mRNA was isolated from both total and polysome associated halves of the lysate using

a TruSeq RNAv?2 kit (Illumina) following the manufacturer’s protocol. RNA quality was
assessed on an Allegiant 2100 Bio-analyzer (Agilent, Palo Alto, CA), requiring an A260/
A208 > 1.7 and RIN >8.0. All 12 samples were sent to the Jackson Laboratory (Bar Harbor,
ME) for sequencing using a KAPA stranded mRNA sequencing kit (Roche), followed by 75
cycles on the NextSeq HO Illumina sequencer.

2.3. Sequence analysis and data deposits

Final FASTQ data files were sent to the Mount Desert Island Biological Laboratories
Bioinformatics Core. Sequences were preprocessed with TrimGalore version 0.67,

using default options (https://github.com/FeliXKrueger/TrimGalore). Quantification was
performed with kallisto version 0.45.1 (Bray et al., 2016), using a custom target
transcriptome that was based on the Ensembl release 105 (based on Wormbase Release
235), using the combined “cdna” and “ncrna” assigned transcript, and which also had two
additional transcripts that correspond to the GLH-1-GFP fusion construct, and the associated
GLH-1 deletion transcript. The resulting sample-specific expression files were joined into
transcript- and gene-level expression matrixes using the R package tximport (Soneson et al.,
2015), with a custom transcript-to-gene map that assigned the two GLH-1 constructs to the
same gene as the endogenous GLH-1 (WBGene00001598). Differential expression analysis
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was carried out in R version 4.1.0 with the DESeq2 version 1.24.0. DESeq?2 was also used to
generate a rlog-matrix which was Z-transformed to normalize each gene across all samples.
mRNA-seq datasets have been deposited in the NCBI Gene Expression Omnibus database
under accession number GSE148737 (BioProject ID PRINA625528).

For comparative visualization of read coverage on specific genes, the trimmed fastq files
were aligned to the previously mentioned C. elegans Ensembl genome using the STAR
aligner version 2.6.1b (Dobin et al., 2013), with a splice junction overhang of 100 nt. The
resulting BAM files were converted to bigwig with bamCoverage version 3.6 from the
DeepTools2 suite (Ramirez et al., 2016) for visualization in IGV version 2.11.2 (Robinson et
al., 2011).

The STRING database (v11) (string-db.org) was used to visualize clustered protein-protein
networks and perform the gene ontology analysis in Supplemental Table 1 (Szklarczyk et al.,
2019, 2021).

Gene categories were defined using published datasets. Soma-specific genes include the
dataset described and used in (Knutson et al., 2016, 2017; Rechtsteiner et al., 2010).
Oogenic, gender neutral, and spermatogenic categories were described in (Ortiz et al., 2014).
Neuronal genes and neuronal subclasses that include ion channels and neuropeptides were
extrapolated from neuronal “threshold level 2” genes as defined in the CeNGEN (complete
gene expression map of the C. elegans nervous system) (Taylor et al., 2021) Violin plots and
unpaired #test analysis were performed using GraphPad Prism version 9.4.0 for Windows,
GraphPad Software, San Diego, California USA, www.graphpad.com.

2.4. Msp-142 and ssqg-1 gRT-PCR

RNA extraction - Worms were grown on chicken egg plates at 20 °C and floated on

35% sucrose before flash freezing as pellets in liquid nitrogen with 14 mM E64 protease
inhibitor (Sigma-Aldrich), 4 mM Vanadyl-RNC RNase inhibitor (Sigma-Aldrich), and 0.2%
Tween 20 detergent (Sigma Aldrich). Four worm pellets were ground using mortar and
pestle. Powdered worms were melted on ice, and the lysate was extracted with Trizol

(Life Technologies) according to the manufacturer’s protocol. This was followed by 0.7 vol
isopropanol precipitation. The resuspended precipitate was further extracted with phenol-
chloroform-iso-amyl alcohol (25:24:1), and twice with chloroform-isoamyl alcohol (24:1),
then ethanol precipitated. GlycoBlue (Invitrogen) was used as a co-precipitate according to
the manufacturer’s instructions. RNA quality and quantity were determined using NanoDrop
ND-1000 spectrophotometer.

qRT-PCR - Reverse transcription was performed on 0.5 pg of total RNA in a 20 pl

reaction with the iScript Adv cDNA synthesis kit (Bio-Rad Laboratories) according to the
manufacturer’s instructions. qRT-PCR was performed in triplicate on an OPUS CFX-96
Real-Time System (Bio-Rad Laboratories) using Sso Fast Evagreen Super mix (Bio-Rad
Laboratories), according to the manufacturer’s instructions. Quantification of msp-/42 and
ssq-1 mRNA (Supplemental Fig. 1E) was normalized to gpd-3 mRNA using  CT analysis.
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2.5. Sperm counts

Synchronized young adults were fixed in M9 with 8% PFA for 1 h, washed 3x with PBS, 1X
with 95% ethanol for 1 min, 3x with PBS, then mounted on a charged slide with mounting
media containing DAPI. Sperm nuclei were imaged and counted in each spermatheca, 10
worms/strain as previously described (Rochester et al., 2017).

2.6. Fixation and immunostaining

Two fixation methods were used as previously described (Huggins et al., 2020; Min et

al., 2016) with minor modifications. Briefly, to observe the expression of fluorescently
labeled whole worms, they were fixed with 4% paraformaldehyde at room temperature

for 20 min and further fixed with 70% ethanol. The specimens were stained with DAPI
(Thermo Scientific, Germany, 62248) to stain DNA, and observed on a Leica Thunder
Imager Live Cell microscope with an HC PL APO 63x/1.47 Oil CORR TIRF objective

and DAPI, GFP, and TXR filter sets. Images were acquired with a Leica DFC9000 GT
deep-cooled sSCMOS camera and Leica LAS X imaging software. To observe the mitotic
germ cells and progression of spermatogenesis in males, worms were dissected and fixed
with 100% methanol at —20 °C for 10 min, followed by 100% acetone fixation at —20

°C for 10 min. The specimens were further counter-stained with DAPI to stain DNA. The
following primary and secondary antibodies were used: mouse monoclonal anti-a-tubulin
(1:500; Sigma, T9026), rabbit anti-phospho-histone H3 (Ser10) (1:500; EMD Millipore, 06—
570), Alexa Fluor 488-conjugated goat anti-mouse IgG (1:500, Invitrogen, A32723), Alexa
Fluor 594-conjugated goat anti-rabbit IgG (1:500, Invitrogen, A32740).

2.7. Live imaging of fluorescently labeled worms

Transgenic male worms were placed into SM buffer (50 mM HEPES, 25 mM KCl, 45

mM NaCl, 1 mM MgS04, 5 mM CaCl2, and 10 mM Dextrose; pH 7.8) containing

0.2 mM levamisole on a GCP (0.2% w/v gelatin, 0.02% w/v chrome alum, 0.05% w/v
poly-L-lysine)-coated glass slide. To extrude spermatids, 5—6 worms were dissected from
each strain and covered with a coverslip for live imaging with the Leica Thunder Imager,
objectives, and camera described above. Fixed exposure conditions were used on all strains.
Using Image], a fixed circular ROI was applied to each spermatid, and the measure tool
was applied to obtain the integrated density. Mean pixel intensity was subtracted from the
adjacent background to calculate the corrected total cell fluorescence (CTCF = Integrated
Density — (area of cell * mean background fluorescence).

2.8. Membranous organelle (MO) fusion assay

To visualize the fusion of sperm-specific MO with the plasma membrane, worms were
dissected to release sperm and were placed into SM buffer (50 mM HEPES, 25 mM KCl,
45 mM NaCl, I mM MgS04, 5 mM CaCl2, and 10 mM Dextrose; pH 7.8) containing

20 pg/mL of FM 1-43 (Molecular Probes, Eugene, OR, USA), a lipophilic fluorescent
dye that stains MO. FM 1-43 partitioned into the cell outer membranes and enabled MO
fusion monitoring during sperm activation (Liau et al., 2013). Linear 0.55 um profiles of
MSP-142:mCherry expression across sperm were measured with ImagelJ.
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2.9. |In vitro sperm activation

In vitro sperm activation was performed as previously described (Tajima et al., 2019) with
minor modifications. L4 males were isolated on OP50-seeded NGM plates and cultured

on the plates at 20 °C for 48 h in the absence of hermaphrodites. Then, 10 of the virgin
males were transferred to 10 ul of SM buffer (50 mM HEPES, 25 mM KCl, 45 mM NaCl,

1 mM MgSO04, 5 mM CaCl2, and 10 mM Dextrose; pH 7.8) with or without 200 pg/ml

of proteinase K or 6 mM ZnCl, on a glass slide. Spermatids were released by cutting the
tails. After incubating at RT for 5 min, a coverslip was gently overlaid and sealed with
Vaseline. Activation of spermatids to spermatozoa was observed at 63X magnification under
Nomarski differential interference contrast (DIC) microscopy on the Leica Thunder Imager
described above.

2.10. Sperm migration assay

To assay sperm migration, synchronized MSP:mCherry-tagged transgenic males were used
for mating as previously described (Hoang and Miller, 2017) with minor modifications.
Males mated with fog-2 females in a 10:1 ratio for 3 h. Mated fog-2 animals were
subsequently transferred to new NGM plates and examined for the presence of fluorescence
under a fluorescence microscope described above (n = 30 mated with WT males, n =26
mated with g/h-1 males). Fluorescence and DIC images of the uterus were divided into
three equal zones to analyze MSP-142:mCherry distribution.

3. Resluults

To examine the impact of GLH-1 on translational efficiency in C. elegans, mRNA-seq
was performed on polysome and total mRNA fractions from three biological replicates of
synchronized young adult populations from wild-type (WT) and g/h-7 deletion ( glh-1)
strains (Fig. 1A). Our traditional approach of profiling gene expression in dissected
germlines yields insufficient starting material for polysome gradients, so lysates for these
studies were prepared from whole worms, which are half-comprised of germ cells. The
WT and g/h-1 strains have been previously described (Marnik et al., 2019). Briefly, the
WT-designated strain was generated using CRISPR/Cas9 to place a GFP:3xFLAG tag just
before the stop codon of the endogenous g/a-1/ gene. The g/h-1 strain was generated
from this WT-designated strain using CRISPR/Cas9 to make a precision deletion of g/A-1,
leaving GFP:3xFLAG expressed from the endogenous gih-/ promoter and 3’ end sequences.
Libraries were created by placing unique adapters on the three replicates of WT and

glh-1 from total and polysome fractions (12 samples) and sequenced together. Differential
expression between WT and  g/h-1 replicates was determined using DESeq2 (Love et
al., 2014) for both total mRNA (transcriptome) and polysomal mRNA (translatome), and
the Logy(Fold Change) plotted on the x and y axis, respectively (Fig. 1B, Supplemental
Table 1). mRNAs deviating from the correlation between transcriptome and translatome are
identified by the difference in the fold change ( LogyFC). Transcripts witha Log,FC
greater than 1 or less than —1 are shown in red (Fig. 1B). In principle, a high Log,FC
would indicate mRNAs whose translation efficiency decreases with GLH-1 (107 transcripts
>1), whereas a low Log,FC would indicate mRNAs whose translation efficiency increases
with GLH-1 (81 transcripts < —1).
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The 107 mRNAs whose translation efficiency is decreased by the presence of GLH-1 were
run through the STRING database (v11.5) to look for network clustering (Supplemental
Table 1, (Szklarczyk et al., 2021). Patterns were not observed for most of these mRNAs.
Enrichment of a subset of replication-dependent histones was observed (false discovery rate
= 3.07e-08), which could point to proliferative defects in g/h-/ mutants (see Fig. 3D).
Four out of six Asp-16 mRNAs were also observed in these 107 mRNAs (false discovery
rate = 2.81e-05), which point to  g/A-7 mutants exhibiting increased cellular stress. On the
other end of the spectrum, most mRNAs whose translation efficiency is increased by GLH-1
are co-expressed and form one large network cluster (Supplemental Table 1). Components
of this cluster contain major sperm protein (MSP) domains and protein kinases that are
primarily co-expressed during spermatogenesis.

Spermatogenic genes in C. elegans are not thoroughly annotated in current gene ontology
databases. One available dataset (Ortiz et al., 2014) uses the ratio of fem-3(q96gf) (male)

to fog-2(q71) (female) expression in dissected germlines to define oogenic, gender-neutral,
and spermatogenic subsets. We further separated the defined spermatogenic mRNAs in this
dataset into those with high (>5) and low (<5) fem-3::- fog-2 ratios based on a natural,
bimodal distribution (Supplemental Fig. 1A). Compared to all genes in our analysis, a
significant increase in the translational efficiency (positive Log,FC) of oogenic genes is
observed in  g/h-1 mutants, which partially compensates for the decreased accumulation
of oogenic mRNAs (Fig. 1C-E). While there was little change in the Log,FC of gender-
neutral or spermatogenic (low) mRNAs, the translational efficiency of spermatogenic (high)
genes drops in  g/h-1 mutants, partially compensating for the increased accumulation

of spermatogenic (high) mRNAs (Fig. 1C-E). It was previously demonstrated that
simultaneous depletion of four core germ-granule components (PGL-1, PGL-3, GLH-1, and
GLH-4) by RNAI induces spermatogenic gene expression in one-day-old adult germlines,
and then soma-specific and neuronal genes in two-day-old adult germlines (Campbell and
Updike, 2015; Knutson et al., 2017; Updike et al., 2014). Therefore, we also looked at
transcriptional and translational changes in soma-specific and neuronal subsets in our one-
day-old adult g/h-1 mutants, again observing only subtle changes at this early stage (Fig.
1C-E, Supplemental Fig. 1B). Taken together, GLH-1 loss leads to an average decrease in
oogenic mRNAs and an average increase in spermatogenic (high) mRNAs in one-day-old
adults, reflecting our previous observations with germ-granule RNAi. But here, we find that
these changes in mRNA accumulation are compensated by altered translational efficiency,
thereby reducing their impact on the germline.

mRNAs encoding MSP-domain proteins are one exception to compensatory feedback we see
with the expression of oogenic and spermatogenic (high) gene sets. Because MSP-domain
proteins were enriched in the 81 mRNAs witha LogyFC <—1, we profiled the expression
of all 72 annotated MSP-domain-containing proteins in our sequencing analysis. Unlike the
increased accumulation of spermatogenic (high) mRNAs in  g/A-7 mutants, MSP mRNA
abundance is decreased (Fig. 1D), and this was accompanied by a further reduction in MSP
mRNA translation (Fig. 1E) and translation efficiency (Fig. 1C, Supplemental Fig. 1B). The
genome browser expression profile of msp-142 from total mRNA and polysome-associated
fractions is an example showing a more substantial decrease in polysome-associated
mRNAs in g/h-1 mutants (Supplemental Fig. 1C). This pattern is reflected with another
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spermatogenic (high) mRNA, ssg-/, which does not encode an MSP domain (Supplemental
Fig. 1D). As expected, both msp-142 and ssq-1 transcripts are increased in a male-enriched
him-3background, but to a lesser extent in  g/h-1; him-5 nematodes, showing the presence
of GLH-1 further increases the accumulation of these mRNAs (Supplemental Fig. 1E).

Another exception to compensatory feedback models can be observed in subsets of neuronal
genes in  g/h-1 mutants. Modest increases in soma-specific and neuronal genes were
observed in the transcriptome and translatome of these animals. But, neuropeptides were
the most significantly enriched (false discovery rate = 1.05¢-10) in the translatome of

glh-1 mutants. Therefore, we profiled the expression of other neuronal subsets as defined
by the CeNGEN gene expression map of the C. elegans nervous system (Taylor et al.,
2021). glh-1 mutants increased the accumulation of mRNAs encoding ion-channels and
neuropeptides, and this was accompanied by enrichment of these mRNAs in the translated
polysome fraction (Fig. 1C-E, Supplemental Fig. 1B). To see if the enrichment was evident
but missed in previous expression profiling experiments of dissected germlines following
germ-granule RNAI, we re-examined neuropeptide mRNA accumulation in these published
datasets (Fig. 1F). In each case, the accumulation of neuropeptide mRNAs was significantly
higher in dissected germlines from day one adults following germ-granule RNAi1 (Campbell
and Updike, 2015; Knutson et al., 2017). Moreover, the neuropeptide mRNAs progressively
increased in dissected germlines from the fourth larval stage (no change) to two-day-old
adults, and further increased when germ cells expressed a pan-neuronal unc-119.GFP
reporter (Knutson et al., 2017 dataset). Significant increases were also observed when the
neuropeptide subset was plotted against expression profiles of dissected germlines from
glh-1 and pgl-1 mutants (Fig. 1F) (Knutson et al., 2017). These findings are consistent
and show, for the first time, that neuropeptides become ectopically expressed during the
early phase of somatic reprogramming that ensues after germ granules are compromised.
The mechanisms behind the reduced accumulation and translation of MSP-domain encoding
mRNAs or the increased accumulation and translation of the specified neuronal subsets in

g/h-1 mutants are currently unknown.

The redundancy of GLH-1 with its paralogs (GLH-2 and GLH-4) makes the analysis of

glh-1 advantageous because the germline remains healthy, minimizing the opportunity for
secondary effects to cause expression changes. Given the observed impact of GLH-1 on
MSP-domain encoding mRNAs, we performed an in-depth analysis of germline phenotypes
in glh-1 animals. We previously reported a 14% reduction (p < 0.0001) in the fertility of

glh-1 compared to WT at permissive temperature (Marnik et al., 2019). Further analysis
revealed that brood differences occur within the first two days of egg-laying (Fig. 2A). Part
of the reduction can be accounted for by a 2.3-fold decrease in PH3-positive (proliferating)
germ cells in  g/h-1 mutants (Fig. 2B). Differences in total and polysome-associated mRNA
profiles suggested that reduced broods may also reflect defects in spermatogenesis. In fact,
glh-1loss-of-function mutants grown at the restrictive temperature of 26 °C often do not
have sperm (Spike et al., 2008). To investigate this at the permissive temperature of 20 °C,
we counted the number of sperm in the spermatheca of young adult worms and found no
difference between WT and g/h-/ mutants. These results suggest that at 20 °C, the absence
of GLH-1 does not impact spermatogenesis (Fig. 2C).
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An mCherry: V5 tag was placed on endogenous MSP-142 in WT and  g/A-7 worms

to visualize differences in MSP expression. This translational reporter begins expressing
during spermatogenesis in L4-staged hermaphrodites (Fig. 2D). It is later observed in

the cytoplasm of spermatids, in the pseudopod ends of activated sperm, and in secreted
filaments surrounding the most proximal oocytes, reflecting MSP expression patterns
previously reported (Roberts et al., 1986). In L4-staged animals, MSP-142:mCherry
germline expression expands more distally into developing oocytes (Fig. 2E). This reflects
the expansion of MSP transcripts into oocytes previously detected by in situ hybridization
following germ-granule RNAi (Campbell and Updike, 2015). However, the expression
intensity of MSP-142:mCherry is lower in  g/h-1 worms, reflecting the decrease of
msp-142 mRNA observed in the polysome fraction (Fig. 2E and F). This difference in
MSP-142:mCherry expression between WT and g/A-/ mutants is no longer evident in
young adult hermaphrodites (Fig. 2G and H), where individual spermatids are condensed in
the spermatheca and harder to visualize individually.

To better visualize expression differences at the cellular level, spermatids were dissected
from WT and g/h-1 males, and MSP-142:mCherry expression intensity was quantified.
While sperm from both WT and g/A-/ males express MSP-142:mCherry, expression is
lower when gi/h-1 is deleted (Fig. 3A). All developmental zones of mitosis and meiosis
were comparable between WT and  g/A-/ mutant males, as visualized in DAPI-stained
morphologies in each germline (Fig. 3B). Moreover, co-immunostaining with anti-pH3

and anti-a-tubulin antibodies revealed the presence of karyosomes, diakinesis, metaphase,
anaphase, spermatid budding, and mature spermatids in both WT and g/A-/ mutant males
(Fig. 3C)(Shakes et al., 2009). Anti-pH3 staining was also examined in the distal end

of male germlines to estimate the rate of mitosis in germline stem cells. As observed in
hermaphrodites, a significant but variable mitotic decrease was confirmed in g/h-/ males
(Fig. 3D). While all developmental zones of male and hermaphrodite germlines are present
in the absence of GLH-1, germline stem cell proliferation and MSP-142:mCherry expression
are reduced, the latter reflecting the decreased expression of MSPs in the transcriptome and
translatome of g/h-/ mutants.

We next asked how the decrease in MSP expression in  g/A-/ mutants impacts membranous
organelle (MO) fusion and sperm activation. Sperm activating factors, such as Proteinase
K (ProK) and ZnCl,, transition the morphology of round spermatids to adopt a spikey

and irregular shape as an intermediate phase before spermatozoa extend pseudopods and
become motile (Fig. 4A)(Singaravelu and Singson, 2011). Upon exposure to ProK and
ZnCl,, fewer spermatids were fully activated in  g/h-/ mutants, and many failed to
progress through the spikey and irregular-shaped intermediate phases (Fig. 4B and C).

The membrane probe FM1-43 fluoresces when MOs fuse to the plasma membrane during
spermiogenesis (Washington and Ward, 2006). Staining shows that MO fusion is normal
in both WT and  g/A-7 animals. Although activation does initiate in  g/A-/ spermatids,
there is a defect that coincides with pseudopod extension (Fig. 4D). It is known that MSPs
migrate asymmetrically to polymerize and drive pseudopod extension, so we examined the
distribution of MSP-142:mCherry in WT and g/A-1 sperm following activation (Fig. 4E).
MSP-142 is distributed into the pseudopod but to a lesser extent in  g/h-1 sperm (Fig. 4F).
To determine if this redistribution defect was observed in a spermatogenic (high) non-MSP
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reporter, an N-terminal V5:mCherry tag was placed in-frame and upstream of endogenous
ssq-1in both WT and  g/h-1 backgrounds. The distribution of mCherry:SSQ-1 also showed
that asymmetric distribution was impacted (Fig. 4G). These results suggest that sperm
initiate activation, but pseudopod functionality in g/A-/ animals is compromised.

Spermatozoa are swept into the uterus during ovulation and use their pseudopods to crawl to
the spermatheca for further opportunity to fertilize eggs (Ellis and Stanfield, 2014). In male/
hermaphrodite matings, pseudopods also allow male sperm to crawl from the vulva through
the uterus into the spermatheca. To test whether pseudopod functionality is compromised in

glh-1 animals, f0g-2 females were crossed with MSP-142:mCh expressing males from WT
and g/h-1 worms (Fig. 4H). MSP-142:mCh expression was examined in three equal-sized
zones from the vulva to the distal end of the spermatheca. Sperm expressing wild-type
GLH-1 crawl to the spermatheca, while a greater proportion of g/h-/ mutants have sperm
near the vulva (Fig. 41). These results suggest that increased accumulation of MSP-encoding
transcripts in the presence of GLH-1 ensures the mobility of activated sperm and may
explain the absence of sperm in g/h-/ mutants grown at 26 °C if non-motile sperm purged
during ovulation and unable to crawl back.

4. Discussion & conclusions

The somatic reprogramming previously reported with germ-granule RNAi most consistently
induced pan-neuronal reporter expression and neurite-like extensions in germ cells (Knutson
et al., 2017; Updike et al., 2014). Nearly one-third of somatic cells in C. elegans are neurons,
which may make neuronal differentiation a logical default. A default model for neural
induction has been well established for stem cells and animal development (reviewed in
Cao, 2022). Moreover, unsolicited induction of neuronal fates in the C. elegans germline

can be observed in mex-3 glh-1 (Ciosk et al., 2000), spr-5 let-418 (Kaser-Pébernard

et al., 2014), and wdr-5.7 (Robert et al., 2014) backgrounds (reviewed in Marchal and
Tursun, 2021) Our data suggest that an initial step in somatic reprogramming when core
germ-granule components are compromised includes a global increase in neuropeptide
expression. The increase is modest but nearly universal among neuropeptide mRNAs in

the total and polysome fractions of g/A-/ mutants (Fig. 1C—E) and also consistent when
examined in previously published datasets from isolated germlines following germ-granule
depletion (Fig. 1F) (Campbell and Updike, 2015; Knutson et al., 2017). It is unclear how
neuropeptides might drive somatic reprogramming in  g/A-/ mutants, as they are markers of
terminal neuron specification. One model is that neuropeptide expression introduces noise,
or stochastic variations in gene expression, to prime germ cells for somatic reprogramming.
Transcriptional noise may increase responsiveness to fate-determining stimuli and has been
shown to potentiate cell fate transitions in stem cells (Desai et al., 2021). Given the low and
basal levels of neuropeptide transcripts in wild-type germlines, an alternative model is that
the change in neuropeptide expression is simply the easiest readout to detect when default
neuronal differentiation is induced and does not necessarily represent a functional step

in somatic reprogramming. Unfortunately, the observed increase following germ-granule
depletion is not likely sufficient to detect with fluorescent reporters of neuropeptide
expression — unless it represents stochastic expression in individual germ cells. It will be
interesting to see whether that is the case and if the increase in neuropeptide expression is
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specific to the loss of core germ granule proteins like GLH-1 or shared in other genetic
perturbations that induce somatic reprogramming of the C. elegans germline.

Loss of GLH-1 had a very different effect on the expression of MSPs. Decreased expression
of MSP-142:mCherry in  g/h-/ mutants is uniformly observed in developing germ cells and
in spermatids. While the presence of GLH-1 suppresses the accumulation of spermatogenic
transcripts during oocyte differentiation, it selectively promotes the accumulation and
translation of MSP-domain-encoding mRNAs during spermatogenesis. The mechanisms
behind the selectivity of GLH-1 for these transcripts merit further investigation. The helicase
activity of GLH-1 could linearize conserved structural motifs in MSP-domain-encoding
transcripts, making them accessible to translation machinery or small RNA processing. Vasa
helicases are thought to exhibit non-sequence-specific RNA binding, but GLH CLIP assays
suggest mRNA target specificity is conferred, at least in part, through GLH-associated
Argonaute pathways (Dai et al., 2022). The selective silencing of spermatogenic genes is
known to be mediated through piRNA pathways that interact with GLH-1 (Cornes et al.,
2022). Translational silencing by GLH-1-bound microRNAs has also been demonstrated and
could be a mechanism for selectivity (Dallaire et al., 2018). Precursory attempts to identify
moieties (correlative small RNA and microRNA binding sites, sequence conservation,
structural features) capable of distinguishing MSP-domain encoding mRNAs from other
germline-expressed or spermatogenic mRNAs showed no strong correlations, but do not
exclude the possibility that these moieties exist. Here, we show that lower levels of MSP
expression impact pseudopod extension following sperm activation in  g/h-/ mutants,
leading to subtle reductions in fertility even at the permissive temperature. Therefore, one of
the primary impacts of loss or depletion of GLH-1 can be observed on sperm motility and
function.

Our approach aimed to identify early events during somatic reprogramming of the germline
that could be separated from other pleiotropic defects, such as atrophied germlines and

germ cell loss. By looking for changes in polysomal-associated mRNAs, we also sought to
uncover defects in  g/h-/ mutants that were masked (or caused) by changes in translational
efficiency. We found that early reprogramming events include enhanced expression of
neuropeptides and a decrease in MSP expression. The bulk of these changes are correlative
at the level of transcription and translation. In fact, g/h-/ mutants showed surprisingly

little evidence to support a general role for GLH-1 in the selective activation or repression
of translation that was independent of mRNA accumulation. Therefore, the functional
relevance of GLH-1’s association with translation initiation components requires further
exploration. What we did observe is that changes in oogenic and spermatogenic (high)
mRNA levels from total mRNA sequencing are dampened in the polysome fraction, showing
the capacity of systems to reduce or compensate for fluctuations in mRNA abundance of
some gene subsets at the level of their translation. This compensation was not observed

for changes in MSP- and neuropeptide-encoding transcripts. The reason for discrimination
among mRNA types remains unclear but may depend on how GLH-1 interfaces with
translation initiation components as mRNAs pass from germ granules and into the cytoplasm
for translation.
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Fig. 1.
GI%H-I impact on the transcriptome and translatome. A) Schematic of expression profiling
experiments. Starved plates (1) were used to inoculate S-media cultures containing freeze-
dried OP50 (2). Following incubation at 20 °C, gravid adults were beach treated (3) to
harvest embryos (4). Embryos were hatched overnight on unseeded plates to obtain a
synchronized population and used to inoculate new S-media cultures containing freeze-dried
OP50 (5). Following incubation at 20 °C, young adults were precipitated, washed, and
flash-frozen (6). Lysates were prepared from the synchronized WT and g/A-/ mutants. Half
of the lysate was used for total mRNA isolation (7), while the other half was placed in
a sucrose gradient for polysome fractionation (8). B) Logy(Fold Change) from total mRNA-
seq (transcriptome, X-axis) plotted against the Logy(Fold Change) from polysome mRNA-
seq (translatome, Y-axis). Red points indicate differentially translated transcripts where the
Log,FC (difference between transcriptome and translatome) was >1 (107 transcripts) or <
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—1 (81 transcripts). Four data points fell outside the boundaries of the graph and are shown
on edge. Cyan cross marks 0,0. Grey diagonal indicates a 1 to 1 correlation between the
transcriptome and translatome. Violin plots showing Log,(Fold Change) in C) translation
efficiency (difference between transcriptome and translatome), D) transcriptome, and E)
translatome in  g/h-/ mutants compared to WT. F) Violin plots showing Log,(Fold Change)
of neuropeptide mRNA accumulation in this and other datasets. For C—F, bold horizontal
line = mean, and significance from “all” shown as ****p < 0.0001, ***p < 0.001, **p <
0.01, *p <0.05, ns p > 0.05. ssqg-1 (blue) and msp-142 (orange) levels are indicated in the
Spermatogenic (high) and MSP datasets. The dash-dot line connecting D to F indicates a
duplication of the same Day 1 Adult data in both panels.
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Fig. 2.
GLH-1 impact on fertility and MSP-142 expression. A) Self-fertility of hermaphrodites

in WT and g/h-1 mutants during adulthood. B) Quantification of PH3-positive germ
cells in distal gonadal ends in WT (n = 14) and g/A-/ mutant (n = 16) hermaphrodite

gonads. Fluorescence images of distal gonadal ends in WT and  g/A-/ mutant gonads
immunostained with the anti-PH3 antibody. Representative images are shown. The dashed
lines indicate the shape of gonad arms: scale bar, 20 um. C) Quantification of the

number of DAPI-stained sperm in WT  g/A-/ mutant hermaphrodites. D) GLH-1:GFP and
MSP-142:mCherry expression in L4-stage and young adult (YA) stage animals. Expression
of MSP-142 at the YA stage. Gonads were fixed and counter-stained with DAPI (blue):
scale bars, 20 um. E) MSP-142:mCherry expression in L4 stage WT and  g/A-7 mutant
animals. Gonads were fixed and counter-stained with DAPI (blue): scale bar, 10 um. F and
G) Quantification of MSP-142:mCherry intensity in WT (n = 10 for F, n =11 for G) and
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glh-1 mutant (n = 10 for F, n =11 for G) L4 and YA stage animals. H) Representative
images of MSP-142:mCherry in WT and  g/A-/ mutant young adults: scale bar, 20 um.
Error bars indicate s.d., ****p <(0.0001, ***p < 0.001, ns p > 0.05.
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Fig. 3.
Male germline dependence on GLH-1. A) Fluorescence live images of spermatids dissected

from MSP-142:mCherry males in WT and  g/h-/ mutants: scale bar, 8 um. The plot shows
the MSP-142:mCh fluorescence intensity in spermatids from WT and g/4-/ mutant males.
n=16 for WT, n= 17 for glh-1. Error bars indicate s.d. **** p <0.0001. B) DAPI-stained
YA male dissected gonads labeled by the following developmental stages: d, distal end. MZ,
mitotic zone. TZ, transition zone. PZ, pachytene zone. CZ, condensation zone. DZ, division

zone: scale bar, 10 um. C) Spermatogenesis stages are similar in WT and  g/A-7 mutant
males. Meiosis I and II were observed in dissected WT (n =20) and g/h-/ mutant (n = 20)
male gonads after co-immunostaining with anti-PH3 (magenta), anti-a-tubulin (green), and
DAPI (blue). k, karyosome. d, diakinesis. ml, metaphase I. al, anaphase 1. mlI, metaphase II.
all, anaphase II. bud, budding spermatid. sp, spermatid: scale bar, 10 um. D) Quantification
of PH3-positive germ cells in distal gonadal ends in WT (n=16) and g/A-/ mutant (n = 17)
male gonads. Error bars indicate s.d. *, p <0.05. Representative images are shown. Dashed
lines indicate the shape of gonad arms: scale bar, 20 um.
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Fig. 4.
GLH-1 impact on sperm activation. A) Activation of spermatozoa during C. elegans

spermiogenesis. Treatment of C. elegans spermatids with spermatid-activating factors
(SAFs) stimulates the round spermatids to extend pseudopods, transforming them into
motile spermatozoa. Membranous organelles (MOs) fuse with the plasma membrane to
release contents into the extracellular space. B) Live images of sperm after in vitro
activation by Proteinase K (ProK) or ZnCl, treatment from WT and g/h-/ mutant males.
Representative images are shown: scale bar, 8 um. C) Categorized morphologies of sperm
after in vitro activation by ProK or ZnCl,. Stages were defined by the morphology of sperm
and its pseudopod extension observed by DIC microscope: scale bar, 4 um. Quantification of
sperm of WT (n = 118 for ProK activation, n = 146 for ZnCl, activation) and g/h-/ mutant
(n =198 for ProK activation, n = 199 for ZnCl, activation). D) Live fluorescent images of
sperm from WT and g/h-/ mutant males stained with FM1-43 to observe MOs after in
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vitro activation by ProK. Representative images are shown, with the percent and number of
sperm with the pictured FM1-43 distribution: scale bar, 4 um. E) Live fluorescent images
of sperm from WT and g/h-/ mutant males stained with FM1-43 after in vitro activation
by ProK treatment: scale bar, 4 um. F) Average expression intensity profiles (Imagel) of
MSP-142:mCherry in sperm stained with FM1-43 following in vitro activation by ProK.
Error bars indicate s.d. An asterisk marks the FM1—43 stained end of activated sperm,
where plot profiles were aligned: scale bar, 4 um. G) Live fluorescent images of sperm
stained with FM1-43 after in vitro activation by ProK treatment on SSQ-1:mCherry from
WT and g/h-1 mutant males: scale bar, 4 um. H) Scheme of sperm migration assay. WT
and g/h-1 mutant MSP-142:mCherry expressing males were crossed to f0g-2 females. The
uterus was divided into 3 zones from the vulva (zone 1, arrow) to the spermatheca (zone

3). Vu, vulva. Ut, uterus. Sp, spermatheca. I) Quantification of WT and g/A-/ mutant male
sperm migration in f0g-2 females (n =26 for WT male, n =30 for g/h-/ mutant male). The
fluorescent intensity of each zone was measured and calculated proportionally against the
total fluorescent intensity of all three zones: scale bar, 50 pm.
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