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SUMMARY

Maternal RNAs are stored from minutes to decades in oocytes throughout meiosis I arrest in a
transcriptionally quiescent state. Recent reports, however, propose a role for nascent transcription
in arrested oocytes. Whether arrested oocytes launch nascent transcription in response to
environmental or hormonal signals while maintaining the meiosis | arrest remains undetermined.
We test this by integrating single-cell RNA sequencing, RNA velocity, and RNA fluorescence /n
situhybridization on C. elegans meiosis | arrested oocytes. We identify transcripts that increase
as the arrested meiosis | oocyte ages, but rule out extracellular signaling through ERK MAPK
and nascent transcription as a mechanism for this increase. We report transcript acquisition from
neighboring somatic cells as a mechanism of transcript increase during meiosis I arrest. These
analyses provide a deeper view at single-cell resolution of the RNA landscape of a meiosis |
arrested oocyte and as it prepares for oocyte maturation and fertilization.

In brief

Maternal transcripts, which are important for early embryogenesis, are all thought to originate
exclusively from the germ cell lineage. Trimmer et al. show that a few unique transcripts are
produced in the somatic cells and loaded into oocytes, suggesting other sources of maternal
transcripts.
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INTRODUCTION

Oocytes arrest in prophase of meiosis | across species.2® In humans, this arrest often

lasts for decades.® During the arrest, oocytes grow and acquire competence (an ability to
complete meiosis and undergo fertilization to produce healthy progeny). Until recently,

it was believed that the oocytes go through these complex developmental transitions in

a transcriptionally quiescent environment, since transcription stops prior to oocyte arrest

in meiosis 1.7 Thus, the coordination of oocyte arrest with oocyte growth and meiotic
resumption for accurate zygotic transition was thought to be largely driven by cytoplasmic
components and signaling molecules. Due to the prolonged transcriptional quiescence of
this process, one key cytoplasmic component acquired by the oocyte prior to arrest is
maternal RNAs. Maternal RNAs are stockpiled in the arrested oocyte until they are loaded
into the developing embryo and eventually cleared in the embryo in preparation for zygotic
genome activation.8-11 However, recent work from Walker et al. on Caenorhabditis elegans
meiosis | arrested oocytes suggests that transcription is reactivated, as assessed through

the phosphorylation of the RNA polymerase Il cytoplasmic domain at serine 5, in arrested
meiosis | oocytes by activation of ERK signaling due to presence of short-peptide-hormone
signaling through major sperm protein in C. elegans.12 Similarly, in Drosophila, Navarro-
Costa et al. observed that the oocyte epigenome is dynamic and may regulate oocyte
transcription during meiotic prophase arrest,13 while in mammals, mouse oocytes arrested
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in meiosis | have been identified as belonging to two classes, those that launch transcription
and those that do not.1# Overall, these studies question the current model that oocytes

are transcriptionally inactive during meiosis I arrest. However, no study has systematically
extracted oocytes arrested in meiosis | at different ages and performed a deep sequencing
analysis on the mRNAs followed by analysis of active transcription to directly test the
model.

C. elegans is an excellent model system to study the molecular events that occur during
meiosis | of oogenesis. The C. elegans hermaphroditic germline maintains a population of
continuously dividing germline stem cells (GSCs) in the progenitor zone (Figure 1A) that
enter meiosis at larval stage 3 (L3); during the L3-L4 larval stages the GSCs undergo
spermatogenesis.1® The hermaphroditic germline completes spermatogenesis by the end of
L4, and the GSCs enter oogenesis to continuously generate oocytes during adulthood. Thus,
meiosis | oocytes can be easily accessed for study during the entire adult development in C.
elegans.

The oogenic germ cells progress through a long pachytene stage of meiosis | and arrest

in prophase of meiosis | at diplotene and diakinesis (diakinetic oocytes) (Figure 1A). The
arrested prophase | oocytes release the arrest upon receiving the short-range hormonal signal
mediated by major sperm protein (MSP)17 and enter meiosis 11 coupled with fertilization

in the uterus.® Progression through meiosis I coupled with oocyte growth requires the
maternal nutrition-dependent activation of insulin-like signaling through DAF-2, which in
turn regulates the activation of the RAS-ERK pathway.18 ERK is activated in arrested
meiosis | oocytes by the presence of sperm,17:18 which is essential for the onset of meiotic
maturation.1® Using C. elegans as a model system, we investigate the nature of the RNA
dynamics and regulation of transcripts during oogenesis. Oocytes grow and move proximally
in the germline and arrest at diakinesis of meiosis I. The arrested meiosis | oocytes organize
in a linear fashion by age in the germline, with the oldest oocyte termed -1 (based on its
proximity to the uterus and the spermatheca) and younger sibling oocytes termed -2, -3,
and so on, by birth order (Figure 1A). The identity of the maternal RNAs that are stored in
each of these arrested oocytes, as well as any changes in abundance as they age, remains
unknown.

Active transcription occurs in germ cells from the progenitor zone until the end of
pachytene stage, while the meiosis | arrested oocytes are thought to be transcriptionally
silent based on cytological analyses such as nucleotide incorporation and RNA polymerase
I phosphorylation.12:20.21 Thus, maternal RNAs are transcribed distally and loaded into
the growing oocytes via actin-mediated cytoplasmic streaming through a syncytial structure
called the rachis, which connects all the germ cells until the oocytes individualize at the —4
or =5 position (Figure 1A).22:23

Here we assess the dynamics of transcripts in arrested meiosis | oocytes at different stages
of arrest. We spatially extracted oocytes at three different ages post meiosis | arrest and
performed single-cell RNA sequencing followed by RNA velocity, to assess transcription,
and validated using hairpin chain reaction fluorescence /n situ hybridization (HCR-FISH).
We found that, while most transcripts remain stable as oocytes age, there are populations
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of transcripts that either increase or decrease with oocyte age. Those that decrease appear
to be related to metabolism or earlier germ cell processes, while those that increase do

not appear to increase due to nascent transcription. Rather, on validating five transcripts
that increase in the —1 oocyte by FISH analysis, we found that all five transcripts are
produced in the spermatheca and likely transported into the —1 oocyte independent of sperm
signal, hormone-induced signaling, and ERK activation. This provides an example of the
acquisition of maternal transcripts from a somatic source, using a technically innovative
method that is widely applicable to C. elegans as well as other species.

Some oocyte maternal transcripts increase with age

To investigate the mRNA dynamics of arrested oocytes, we extracted single oocytes at
defined positions, indicative of the specific state of the arrest or maturation, in the germline
and performed single-cell deep RNA sequencing (scRNA-seq) at a depth of >10 million
reads per oocyte. We isolated and collected individual oocytes that had recently entered
meiosis | arrest (n = 4), or were already in meiosis | arrest (n = 4), or just before

meiotic maturation (n = 4) (positions -5, -3, and —1, respectively), using the femtosecond
laser microdissection (fs-LM) method that we recently developed (Figures 1B—1G).16 The
collected oocytes were prepared for single-cell RNA sequencing (STAR Methods). The
oocytes were sequenced at a depth of >10 million (M) reads. We then tested for sufficient
depth by comparing the number of genes detected at multiple thresholds in each oocyte

to the total number of reads in that oocyte (Figures SLA-S1C; STAR Methods).16 Since
the number of genes detected was not correlated with the read count of each oocyte, we
determined that the read depth used was sufficient to identify any transcriptomic changes
between the oocytes.

Overall, at a cutoff of 1 count per million, we detected ~8,000 genes per oocyte (Figure
S1B). We compared this number with a previously published single-cell transcriptome
database where Tintori et al. extracted and sequenced embryonic blastomeres from C.
elegans.?* We reasoned that, since all early embryonic transcripts come from maternal
deposition, this comparison is reasonable. Tintori et al. identified 8,575 genes during the
analysis of the embryonic blastomeres.2* Focusing on the one-cell embryo analysis from
Tintori et al., we found that 5,035 genes were above the published threshold (RPKM

>25). We then compared this dataset of 5,035 genes with the genes detected in the current
study and observed a ~99% overlap between the respective gene lists (Figure S2A). This

is a very high degree of overlap, suggesting that many of the transcripts loaded into the
one-cell embryos derive from the oocyte and are stable at this stage of zygotic initiation.

We next compared our dataset with bulk sequencing of oocytes and one-cell embryos from
Stoeckius et al.2> Since Stoeckius et al. had performed bulk sequencing on both oocytes and
embryos, we generated two distinct gene lists: one of the oocyte dataset (6,714 genes) and
the second for the one-cell embryo (7,294 genes) using the published threshold (RPKM >2).
We then compared the gene lists in oocytes derived from the current study with this analysis
and found an overlap of ~91% and ~88% for oocytes and one-cell embryos, respectively,
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between the two datasets (Figures S2B and S2C). Overall, these analyses demonstrate that
our study has a high degree of consistency with other studies.

To determine if the MRNA abundance changes as the age of an arrested oocyte increases,
we performed differential expression analyses and compared —1 with -3 and -1 with -5
oocytes using DESeq2 with a threshold of 2-fold change (STAR Methods) (Figure 2A).
Overall, upon comparing the different stages of oocyte arrest, we find that the majority

of the mRNA transcripts do not display any change in abundance as the arrested oocyte
ages, suggesting that most transcripts are stable in the arrested oocyte once loaded. To
validate this observation in situ, we selected several genes that did not significantly change
in expression (pgl-1, mpk-1, cyn-7, and spn-4) and used HCR-FISH. Specificity of the FISH
probes was tested by RNAI (Figure S3). We found that pg/-1, mpk-1, and cyn-7showed no
obvious change in expression as oocytes age (Figure 2B). However, sprn-4 mRNA, which
was identified as being stable across the age of the oocytes, appeared to decrease in the

-1 oocyte by FISH analysis (Figures 2B and S3E), and we found that spn-4 expression
decreased slightly from the -5 oocyte to the —3 oocyte to the —1 oocyte. This suggests that
the DESeq2 analysis may identify some false negatives. We next turned our attention to
transcripts that either increased or decreased as the arrested oocyte aged.

Of the transcripts that were differentially regulated between the different ages of the arrested
oocytes, using the —1 oocyte as our point of comparison, we identified two classes: (1) class
| transcripts increased in abundance as the oocyte aged (thus more abundant in -1 relative

to -3 or -5) (Figure 2A, red). We identified 16 unique genes in this class (Table S1). (2)
Class Il transcripts decreased in abundance as the oocyte aged (thus more abundant in =5

or —3 relative to —1) (Figure 2A, blue). We identified 48 unique genes in this class (Table
S2). To determine if a specific cell biological process was enriched among the class | and

Il transcripts, we used PANTHER and assessed for gene ontology (GO) term enrichment
between the pairs of oocytes (STAR Methods). While most pairwise comparisons did not
contain sufficient genes to generate significant GO term enrichment, we observed that

the class Il MRNAs between the -5 and the —1 oocytes were enriched for transcripts
involved in organic substance metabolic processes (~2.5-fold, p = 0.00753), suggesting that
metabolic processes were likely downregulated as the age of the arrested oocyte increased.
We speculate that a decrease in metabolic transcripts in an arrested oocyte as it ages may

be similar to a phenomenon observed in mammals, wherein transcripts related to protein
synthesis, metabolism, and energy production are removed upon completion of oocyte
growth.2” Within class 11 transcripts, we also observed a reduction in RNAs that promote
GSC fate (puf-3and puf-11)28 as well as yolk transport during oocyte growth (rme-2).2°
This observation suggests that some class II RNAs may decrease during the removal of
germline-specific transcripts in preparation for embryogenesis. To validate these findings,
we assayed four class Il transcripts by HCR-FISH: two transcripts with GO terms relating to
metabolic organic metabolism (gfat-2and pyg/-1), along with puf-3and rme-2. Probes were
validated by RNAI (Figure S4). We observed that rme-2, puf-3, and gfat-2 show a consistent
visible decrease in the —1 oocyte relative to the -5 oocyte as determined by the DESeq2
analysis (Figure 2C). However, while pyg/-1 sometimes shows a visible decrease in signal
between the -5 and the —1 oocytes (Figure S3G), this decrease is not always obvious (Figure
2C), suggesting that in some events sequencing-based analysis may be more sensitive to
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changes in transcript abundance relative to FISH-based methods. The decrease in transcript
expression levels as an arrested oocyte ages is not unexpected and has been reported, since
some transcripts are destabilized by various deadenylating enzymes.2°

The presence of class | RNAs, however, was unexpected, as an increase in RNA abundance
in arrested oocytes has not been previously reported. If transcripts are loaded into oocytes
through cytoplasmic streaming from the rachis,?3 and active transcription is shut down at the
end of pachytene long before formation of oocytes, then we reasoned that the transcript
levels should not increase once an oocyte individualizes and undergoes arrest. It was
therefore surprising to us to discover RNA populations that increased as the oocyte ages,
since the oocytes have generally closed their connection with the rachis by the -4 or -5
position.22 Because a role for MPK-1 ERK signaling through the presence of MSP and
sperm has been proposed in the field to lead to phosphorylation of RNA polymerase 11 (Pol
I1), leading to transcriptional activation, we assayed for de novo transcription in each of the
oocytes sequenced.

Oocyte maternal transcript increase is not due to de novo transcription

For transcription to occur, RNA Pol Il must be activated via phosphorylation at two
phospho-residues, serine 5 for initiation and serine 2 for extension.39-31 To determine
whether the increase in transcripts in the aged oocytes was due to an activation of MPK-1
ERK signaling by the presence of MSP and sperm, we performed staining for pSer5 RNA
Pol 1l (p5RNAP2) and pSer2 RNA Pol Il (p2RNAP2) with dpMPK-1 (to assess dually
phosphorylated active state of MPK-1 ERK) in mated and unmated female (fog-2) germlines
(STAR Methods). After 2 h of mating, dpMPK-1 signal was clearly detectable in the
proximal oocytes; however, we failed to observe any pSRNAP2 or p2RNAP2 signal in the
most proximal oocytes (Figure 3). These data demonstrate that the presence of sperm signal
and activation of MPK-1 ERK does not lead to phosphorylation of RNA Pol |1 at Ser5 or
Ser2. Because, upon mating, we observe activation of MPK-1 ERK and presence of sperm
in the oocytes, but not p5SRNAP2 or p2RNAP2, we conclude that transcription is neither
initiated nor extended by the presence of sperm and dpMPK-1 in the oocytes, although

we cannot rule out a situation where some pSRNAP2 or p2RNAP2 was present below

the detection limit. To directly assess for nascent transcription in the arrested oocytes, we
performed RNA velocity analysis on the sScRNA-seq data from the -5, -3, and —1 oocytes.

RNA velocity analysis (STAR Methods) was performed using reads that mapped to
introns.32 Overall, we observed the presence of intronic reads to be ~0.35% of the total
reads (Figure 4A) in each of the oocytes sequenced (-5, —3, and —1). However, 0.35% is an
extremely low number compared with the 15%—25% of intronic reads in somatic cells.32-34
These data suggest that there is a drastic reduction in overall nascent transcription in meiosis
| arrested C. elegans oocytes. Nevertheless, to determine whether the 0.35% of the genes
that displayed intronic reads were differentially changed between oocytes, we compared
pairs of arrested oocytes at different ages and observed that, as an oocyte progresses from
-5to -3 to -1, there is a very slight increase in the number of genes that carry intronic
signatures (Figures 4B-4D). However, none of the genes with intronic reads correlated with
significant differential expression of the exonic reads from the same gene (Figures 4E and
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4F), suggesting that if there is a minimal nascent transcription, it does not significantly
contribute to the transcriptome of the arrested oocyte.

To validate whether the intronic reads detected by RNA velocity were “nascent transcripts
in vivo, we performed a FISH analysis on three candidate RNAs. We limited the RNAs

to be validated to those with more than 10 intronic reads and ranked them using the
following criteria: (1) intronic reads were found in more than one intron, (2) at least one
intronic read crossed an intron-exon boundary, and (3) intronic reads did not correlate
with a misannotated 3" UTR, using data from a recent in-depth 3" UTR analysis® (STAR
Methods) (Table S3). We performed FISH analysis on the top three identified from these
criteria (alg-5, pgn-80, and bet-1) and assayed the level of nascent transcription (signal in
the nucleus) and its potential impact on the total abundance of the RNA (signal in the
cytoplasm) using HCR-FISH.36 While targeting the introns directly would be the best way to
assess this transcription, HCR-FISH requires at least 20 intronic probes against each target,
and the intronic lengths for the targets being tested were insufficient to generate unique
probes.3¢ Thus, we used the presence of a nuclear signal from the exonic probes as a readout
of nascent transcription. We generated probes against alg-5, bet-1, and pgn-80and used the
stable transcript pg/-1, an abundant germ cell marker that did not show any changes in either
intronic or exonic RNA abundance in the analysis, as a positive control for FISH and a
negative control for intronic signal. Each probe was tested for specificity by RNAi-mediated
depletion of the target gene, although only a/g-5was confirmed to be specific (Figure S5)
(STAR Methods). To assay for nuclear signal, we used a nuclear marker, GFP::RBA-1
(STAR Methods), which localizes to the oocyte nucleoplasm and could thus be used to
determine the boundaries of the nucleus. Confocal images from the HCR-FISH analysis of
alg-5were acquired and assayed together with nucleoplasmic GFP signal (which was used
as a marker of nuclear area; STAR Methods). The HCR-FISH signal specifically contained
within the GFP nucleoplasmic area was marked as a “positive” nuclear signal. We assayed
both the cytoplasmic signal (marker for mature mRNA) from the probes and the nuclear
signal. Overall, we observed very few nuclear puncta compared with the large amount of
cytoplasmic signal (Figures 4G—41). This suggests that if there is any nascent transcription
in the oocytes, it is likely not biologically relevant, given the large amount of cytoplasmic
transcript already loaded into the oocyte from the immature oogenic pachytene-stage cells.
This observation is consistent with the RNA velocity analysis that showed that none of the
genes with intronic signatures displayed any significant increase in exonic expression levels
in the oocytes (Figures 4E and 4F). Thus, we conclude that (1) arrested meiosis | oocytes do
not undergo significant nascent transcription and (2) small levels of nascent transcription do
not contribute to the increase in transcript abundance as an arrested oocyte ages.

The highest fold-change class | transcripts in the -1 oocyte are acquired from the
spermatheca

The increase in abundance of transcripts in oocytes in the absence of any transcription,
however, is intriguing. This led us to investigate the potential mechanisms that may lead
to an increase in transcripts in an arrested oocyte as it ages. To determine the nature of
the transcripts that increased in abundance as the age of an arrested oocyte increased and
to validate this phenomenon /in vivo, we focused on the mRNAS that were most abundant
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in the —1 oocyte compared with either the -3 or the -5 oocyte. From the two separate
comparisons, we identified five MRNAs that increased as an oocytes aged. Of these, one
MRNA (ule-5) was significantly increased in the —1 oocyte compared with both the -3

and the -5 oocytes (Figure 5A); ZK813.1 and F17E9.4 were higher in the -1 vs. the -3
oocyte comparison, and ZC373.2 and D1054.10 were higher in the —1 vs. the =5 comparison
(Table S1). We assayed all five for their expression using HCR-FISH probes and confirmed
the specificity of the probes by RNAI (Figures S6 and S8). We observed that, as detected
by scRNA-seq analysis, there was signal in the cytoplasm from the —1 oocyte for each

of the five genes tested relative to the =3 and -5 oocytes (Figure 5). We were surprised

to detect a very strong signal for each of the five genes, which was magnitudes of order
higher in abundance, in the spermathecal cells relative to the —1 oocyte (Figures 5B-5K).
This observation suggested that the expression of each of the genes tested likely originated
from the spermatheca and was somatic in nature. Compared with the FISH signal in the
spermatheca for these genes, the signal in the —1 oocyte appeared relatively low. Thus,

to clearly detect this signal and ensure that it was present in the oocyte cytoplasm, we
enhanced the contrast in the —1 oocyte, as shown for ule-5 (Figure 5C). The z sections
from a central portion of the —1 oocyte (Figures 5E-5G) clearly demonstrate the presence
of the ule-5FISH puncta in the —1 oocyte cytoplasm, and these puncta are reduced or
absent in the —3 and -5 oocytes, consistent with the sScRNA-seq data (Figures 5C and S7).
Strikingly, in the oocytes undergoing fertilization within the spermatheca, the number of
puncta corresponding to the transcripts increased dramatically relative to the arrested -1
oocyte (Figure 5D). The strong signal in the spermathecal cells and oocytes undergoing
fertilization relative to an arrested —1 oocyte suggested that the transcripts are formed in the
spermatheca and then transported into the arrested or fertilizing oocyte. This was intriguing
and exciting, since mRNASs have not been previously described in any system that may

be taken up from neighboring cells prior to maturation, much less during ovulation and
fertilization. However, because we observed this pattern with all five genes tested, the data
suggest that there may be a general phenomenon present where the spermatheca provides
maternal RNASs to the arrested oocyte.

Since the spermatheca harbors the sperm, and only the —1 oocytes (along with fertilizing
oocytes) were positive for the ule-5 MRNA signal, we wondered whether ule-5transcription
in the spermatheca was induced by the sperm signal. To test this, we assayed for ule-5
expression, using HCR-FISH in mated and unmated females (fog-2) (STAR Methods).

We observed ule-5signal in the —1 oocyte and spermatheca of both mated and unmated
females, suggesting that ule-5'is not induced by the sperm signal but is instead generated

in the spermatheca and likely acquired by the oocyte from the neighboring spermathecal
cells (Figures 6A—-6D). The expression of ule-5 RNA mirrors that of the ULE-5 protein,
which is expressed in the spermatheca and secreted via COPII secretory vesicles, localizing
to the eggshell of the fertilized embryo.3” However, the experiments to assess ULE-5
protein expression were performed using C. elegans transgenic lines generated through
extrachromosomal arrays and high-copy-number transgenes, which are silenced in the C.
elegans germline.37-38 To more directly test that the transcripts were being transported from
the spermatheca to the —1 oocyte, we used CRISPR-Cas9 (STAR Methods) to replace the
promoter of one of these class | transcripts, ZK813.1, with a spermatheca-specific promoter.
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We used ZK813.1 and not ule-5for this analysis because we reasoned that (1) the
phenomenon seems general, so the identity of the gene itself that is being transported
should not matter, and (2) the promoter of ule-5is only 200 bp, with a predicted gene

on the reverse strand which might share this promoter sequence. Since ZK813.1 has 1.1

kb upstream until the next gene and this region is not shared with any other genes, we
replaced the putative promoter region upstream of ZK813.1 with a previously reported
spermatheca promoter, a 957 bp region 5 of the transcription start site (TSS) for fin-1a
(Y66H1B.2a.1)39 (Figure S9A). Using two independent lines, we performed HCR-FISH

to compare the expression pattern of wild-type ZK813.1 mRNA with that driven by the
fin-1 promoter. We find that ZK813.1 mRNA is orders of magnitude less abundant in the
spermatheca when driven by the f/n-1 promoter compared with its endogenous promoter
(Figures 6E and 6G). By enhancing the ZK813.1 signal, we found that not only is ZK813.1
mRNA still expressed in the spermatheca when driven by the fIn-1 promoter, albeit at a
very low level, it is now expressed in the sheath cells as well (Figures 6F, 6H, and 61-6L,
Videos S1 and S2). In addition, we found that ZK813.1 mRNA is still present in the oocytes,
including the -1 oocyte, when driven by the fIn-1 promoter (Figures 6H and 6N, Video
S2), with no visible increase in puncta compared with the endogenous promoter (Figures
6F and 6M, Video S1). While the expression in the sheath cells increased drastically when
driven by the f/n-1 promoter, expression in the —1 oocyte did not reflect this increase in

the sheath cells, suggesting that the ZK813.1 transcript is not transported from the sheath
cells. Furthermore, we found that, while the ZK813.1 mRNA is still present in fertilizing
oocytes when driven by the f/n-1 promoter, it is orders of magnitude lower than when driven
by the endogenous promoter (Figure S10). This change in expression levels mirrors that
found in the spermatheca, suggesting that it is the spermatheca that provides the transcript.
Together, these results provide an example of a somatic tissue providing mRNA transcripts
to a maturing or fertilizing oocyte.

DISCUSSION

In this study, we report deep sequencing analysis of meiosis | arrested oocytes at different
ages of meiosis | arrest. Currently, very little is known of these events in arrested meiosis

| oocytes because oocytes have not been profiled at a single-cell resolution as a function

of their spatial and temporal developmental state and response to hormonal signals. This

is largely due to three technical challenges posed by this analysis, which we address
through technical innovation in this study. (1) Currently there is no reliable biomarker

for differentiating the oocytes’ birth order outside the gonad. Therefore, it is imperative
that the identities of individual oocytes be accurately tracked throughout the extraction
process to retain the knowledge of their spatial location in the gonad. (2) The oocytes

need to be extracted from live animals, which is critical for capturing the RNA content
closest to /n vivo. Speed of extraction is another critical aspect for obtaining high-quality
RNA sequencing. Oocytes ovulate every 20 min in an adult animal, and hormone-signaling
through MSP rapidly induces changes to oocyte maturation within 15 min of mating.40
Since a majority of stimuli take only ~10-20 min to perturb RNA content in cells,*1:42 the
extraction procedure of oocytes needs to be rapid enough (<10 min per procedure) to capture
RNA dynamics of interest and avoid undesired transcriptomic noise.
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The existing techniques are inadequate to satisfy these requirements. While traditional laser
capture microdissection (LCM) can maintain spatial information, it has poor resolution
(~1/10 of the length of gonadal arms, ~50 um) and cannot isolate single oocytes without
damaging them.#! In addition, LCM requires sample fixing/freezing that incurs RNA
degradation and impedes library preparation.#344 The prevalent method for acquiring single
C. elegans cells involves chemomechanical dissociation and fluorescence-activated cell
sorting, which not only cannot distinguish individual oocytes due to lack of fluorescent
markers, but also is a lengthy procedure (>2 h) and disruptive, while inducing undesirable
shifts in RNA content of collected cells.#>46

This study addresses these challenges through the development of an image-guided, fs-LM
method to enable rapid, contamination-free oocyte extraction. This method was based on
our previous work where we used fs-laser axotomy in C. efegansto cut single axons with
nanoscale resolution and minimal collateral damage to surrounding tissue.*’~49 In fs-LM,
we take advantage of the precision of fs-laser ablation to extract intact single oocytes from
the gonads of living animals with the exact knowledge of their original location through
imaging (Figure 1). By precisely ablating around a target oocyte in a 3D pattern, we resect
the target oocyte from the gonad and release it with laser-induced microbubbles. Prior to
collection with a micropipette, contamination such as attached somatic gonad debris is
further removed by laser. The whole process takes 8 min to extract a single oocyte, which
satisfies the speed requirement (<10 min) set forward by cellular signal transduction. By
eliminating the need for slicing, freezing, or fixing, fs-LM al lows us to acquire healthy,
intact cells, which is critical to the quality of downstream library construction for RNA
sequencing. This technical innovation allowed us to characterize fundamental principles
that govern RNA dynamics during this distinct and crucial developmental phase, with
implications across evolution.

We observed that mRNA molecules are taken up by the oldest meiosis | arrested oocyte

and fertilizing oocytes from the adjacent spermatheca. While it is possible that each of these
transcripts in the maturing and fertilizing oocyte can be translated in the -1 arrested and
fertilizing oocyte, it is likely that these class I RNAs contribute to the developing zygote as
a maternal contribution for embryonic development. Regardless, it is intriguing that arrested
meiosis | oocytes acquire mMRNAs from somatic neighboring cells, since the implications
for this in cases such as mammalian oocytes that are arrested for decades before ovulation
suggests that the somatic microenvironment may greatly influence oocyte quality over time
due to the acquisition of various RNAs from the soma. In worms, examples of somatic

cells contributing mRNA to the germ cells have not been identified. Although somatic
gonadal cells have been shown to regulate the intake of metabolites to support germ cell
development through gap junctions,®® gap junctions are not expressed between spermathecal
cells and oocytes in C. elegans,1-54 thus ruling this out as a method of transport. It

is likely the five class | transcripts that were validated are transported through exosome-
based communication, such as extracellular vesicles (EVs), or some as yet undiscovered
mechanism. Somatic granulosa cells in mammals, which surround the oocyte, have been
shown to secrete EVs into the follicular fluid that potentially transport small microRNA
species as well as mMRNAs and lipids to the oocyte, inducing gene expression changes /in
vitro,®® although /n vivo evidence for these phenomena is currently lacking. To investigate

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trimmer et al. Page 11

EVs as a potential transfer mechanism, we screened through the available C. elegans EV
datasets for the ule-5transcript and found that it is present in EVs collected from C.
elegans.>® However, we also discovered a number of germline-specific genes such as pg/-1
in these EVs, which we did not detect in the somatic cells of our sScRNA-seq analysis or
FISH analysis, thus suggesting that at this time, the specificity of the mRNASs contained in
EVs as a mode of extracellular communication needs further investigation.>®

Together, these data provide /n vivo support of a model of maternal RNA accumulation
wherein the oocytes take up RNA from neighboring somatic cells during meiosis I arrest
(Figure 7). We speculate that similar mechanisms may work in mammalian oocytes to
acquire mRNAs from neighboring cells. If so, the implications for this acquisition are
numerous, since oocytes arrest for decades, leaving a long period of time during which
oocytes could receive external mMRNA transcripts with potential far-reaching effects on
organismal development and fitness.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Swathi Arur (sarur@mdanderson.org).

Materials availability

. Plasmids generated during this study are freely available upon request.

. C. elegans strains generated during this study have been deposited to the CGC.

Data and code availability

. Sequencing files and selected processed data are available from the NCBI Gene
Expression Omnibus. DOI is listed in the key resources table. Microscopy data
reported in this paper will be shared by the lead contact upon request.

. All original code has been deposited at Zenodo and is publicly available as of the
date of publication. DOI is listed in the key resources table.

. Any additional information required to reanalyze the data reported in this work is
available from the lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans—Worms were maintained at 20°C using standard culture conditions.52 Briefly,
worms were maintained with Nematode Growth Media (NGM) plates seeded with of £.
coli (OP50) as a food source. Worms were passaged under a stereomicroscope using a
platinum wire pick. Strains used in this study: N2, BS553 fog-2X0z40), LWA4502 rba-1(jj188
[GFP::3XFLAG..RBA-1]) (gift from Kelly Jun Liu at Cornell University). Some strains
were provided by the CGC, which is funded by the NIH Office of Research Infrastructure
Programs (P40 OD010440).
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METHOD DETAILS

Femtosecond laser microdissection (fs-LM) and RNA-sequencing—The
femtosecond laser microdissection (fs-LM) method for the isolation of single neurons has
been described in our previous paper.16 For the isolation of oocytes, we have slightly
modified this method. In brief, healthy adult-stage animals were washed in M9 solution to
remove bacteria, then transferred to a droplet of egg buffer containing ~5 mM of levamisole
for up to 10 minutes. Using two 28G needles, the anesthetized animals were severed at

the pharynx to expose their gonad and uterus under a stereomicroscope (Figure 1B). The
buffer droplet containing the animals was then transferred to an upright microscope (BX51,
Olympus) with a water dipping objective (60X, 1.0NA, LUMPLFLNG60XW, Olympus) for
fs-LM (Figure 1C) using 805nm wavelength, 1kHz repetition rate, 250 fs pulse width

laser (Spitfire, Spectra Physics). The fs-LM process involved 4 main steps: 1) First, the
gonadal sheath was punctured at 1-2 oocytes distal to the target oocyte using 150 fs-laser
pulses with 50 nJ pulse energies to create an opening through which the target oocyte

could be released (Figure 1D). 2) Next, lower energy fs-laser pulses (20 nJ) were used

to generate gentle liquid flows to clear the debris, dislodge the target oocyte, and move

it away from the carcass (Figure 1E). 3) The released oocyte was inspected for integrity
prior to collection, for which we used pneumatically controlled (IM-11-2, Narishige) 40
um inner diameter glass micropipettes coated with silicone (Sigmacote, Sigma-Aldrich) and
prefilled with L15 solution. When approaching the released oocyte, we applied positive
pressure to the micropipette and kept a constant outflow to avoid contamination and blew
the released oocyte from the surrounding debris. 4) The target oocyte was collected through
aspiration (Figure 1F) and washed twice in a fresh ice-cold L15 medium to further remove
potential contaminants. All collected oocytes were lysed in 5.25 pl of lysis buffer with

2 U/ul of RNase inhibitor (Takara Bio) and then promptly frozen at —80 °C (Figure

1G). For RNA-sequencing, we used SMART-seq v4 3’ DE Kit (Takara Bio) following

the manufacturer’s manual. Four oocytes were collected from each desired position (-1,
-3, and -5). Maturity of the —1 oocyte is unknown. All collected single oocyte samples
showed uniform amplification, which indicates high sample quality. We constructed Next-
generation sequencing (NGS) libraries using the Nextera XT Kit (Illumina). All libraries
were sequenced on Hi-seq 4000 (Illumina) PE150 mode with 1% PhiX control at a depth of
10 million reads per oocyte.

RNAiI—RNAI was performed by feeding as described previously.53 pg/-1, bet-1, alg-5,
and ule-5RNAI clones were sequence verified and grown overnight at 37°C on LB

plates containing 100ug/mL of ampicillin and 50 ug/ml of tetracycline. They were then
grown in liquid LB containing 100ug/mL of ampicillin to an optical density of 0.6 — 0.7.
Cultures were then seeded onto NGM agar plates supplemented with 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) and containing 100 pg/ml of ampicillin and 50 ug/ml
of tetracycline. pg/-1 RNAI was performed by transferring L4 stage wildtype animals onto
pgl-1 RNAI. alg-5and bet-1 RNAI was performed by allowing wildtype animals to lay
progeny on the RNAI plates for 4 hours, after which the mothers were removed from the
plate. The animals were then synchronized at the mid-L4 stage for dissection and analysis at
24 hours past mid-L4.
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Brood size and viability—To determine brood size, individual L4 animals which had
been treated with RNAI from hatch were transferred to separate RNAI plates. They were
transferred twice a day, with their embryos counted on the previous plate after each transfer.
This continued until adult animals laid no more embryos. To determine viability, adults were
counted from each F1 plate. Percent survival was determined as the number of embryos
counted divided by the number of adults counted multiplied by 100.

ZK813.1 promoter replacement—Primers JHS 51 and JHS 52, each containing 30bp
homology arms to an intergenic region 5* of ZK813.1 to ZK813.1 Exon 1 respectively, were
used to amplify a 975bp fragment containing the #/n-2 promoter sequence3? from N2 bristol
genomic DNA. This fragment was cloned into the TOPO vector pCR2.1 to create pSYC196.
This plasmid was then used to generate a hybrid SSDNA repair template as previously
described® using primers JHS 49, JHS 50, JHS 51, and JHS 52. The repair template was
amplified via PCR and gel purified. Co-CRISPR was adapted from Paix et. al 2017.57
Repair template was injected at a concentration of 188 ng/uL into late L4/Young Adult

N2 worms along with 2 crRNAs (ZK813.1_pro_5’, ZK813.1_pro_3’), along with a gpy-10
co-CRISPR marker to delete 1046 bp upstream of ZK813.1 and replace it with the 975 bp
fin-1 promoter sequence (Figure S9A). F1 rollers and dumpy rollers were cloned out and
edits were screened via PCR and partial sequencing of the 3’ junction of the insertion on F1
animals using primers JHS 53, JHS 54, and JHS 55. Homozygous F2s were then screened
using primers JHS 53, JHS 54, JHS 57. Sequencing was then performed on homozygous
animals to verify the insertion sequence, leading to the verification of 5 independent lines
(Figure S9B). In lieu of backcrossing, HCR-FISH was performed on 3 independent CRISPR
lines alongside N2 as described below.

Dissection and Immunostaining and HCR-FISH—AII animals were dissected as
adults at 24 hours past mid L4 unless otherwise mentioned. Germlines were dissected

and immunostained as described previously®® with the following alterations. Fixation was
performed in 3% PFA for 15 min. Methanol treatment was performed overnight. For
HCR-FISH, dissections were performed as above. After methanol treatment, germlines
were processed as previously described3® with the following alterations. Processing was
performed in the same tubes as immunostaining (6mm tube) and all wash incubation
volumes were halved and DAPI was added during the final washes. Additionally,
amplification hairpins were added at ¥ of the recommended concentration. In the case that
there were two treatments for a particular experiment, probe hybridization was performed
on one of the treatments using probes against either mpk-1 or cyb-1to differentiate between
treatments. That sample was then washed with probe wash buffer as in the protocol, and then
two conditions were combined and probe hybridization was performed for the experimental
probes.

Antibodies—The following primary antibodies were used at 1:400: anti-RNA Polymerase
Il (pSer 5) (cat. 61085, Active Motif), anti-RNA Polymerase 11 (pSer 2) (cat. 61083, Active
Motif), anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cat. 9101, Cell Signaling).
The following secondary antibodies were used at 1:800: goat anti-rat 488 (Cat. A11006,
Molecular Probes), donkey anti-rabbit 594 (Cat. A21207, Invitrogen)
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Image acquisition and processing—Images were taken on a Zeiss Axio Observer
with an LSM 800 confocal laser scanning module using Zeiss Zen micro-imaging software.
Images with more than one field were captured with overlapping boundaries either as
z-stacks, or single slices while maintaining the same focal plane. Montage images were then
assembled in Adobe Photoshop 2020 and processed identically apart from the enhanced
intensity images for the ule-5probe. For these images, starting with the acquisition intensity
image, the channel corresponding to ule-5(green) was altered to increase the overall
intensity using the Levels adjustment in Photoshop 2020 to more prominently display the
weak ule-5signal present in the oocytes. This Levels adjustment was performed identically
for sets of compared images. Maximum intensity projections were created using ImageJ.>8
3D reconstruction was performed using Imaris (Oxford Instruments). Briefly, images

were first deconvolved using default parameters. Surfaces were then created manually

to approximately envelop 3 different regions: the spermatheca, the sheath cells, and the
oocytes. ZK813.1 HCR-FISH signal was then masked using each surface to assign signal

to each compartment. Finally, DAPI and ZK813.1 signal was visualized using ‘Blend’
rendering. For movie creation, outlines for the spermatheca (purple) and sheath cells (light
purple) were set to opaque and clipping planes were used to create a 3um thick slice which
move through the entire sample along the Z axis.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq data analysis—Raw FASTQ files were first demultiplexed according to the
cellular barcode to retrieve reads for every single oocyte. On average, each oocyte had 10M
read pairs. As read 2 mostly contain the cellular barcode and poly-A tail, we only used read
1 for further analysis. We trimmed the reads for adaptor and low quality (Q > 30) base pairs
with Cutadapt v1.18°° and performed a quality check with FastQC v0.11.5. Alignment was
performed by STAR aligner v2.4.080 to C. elegans reference genome WS259, with a unique
mapping rate of ~90%. We summarized the mapping results to counts with featureCounts
v1.5.3.51 Only unique mapping and unique assignments were accounted for during the
process.

As only the 3’ end of the transcript was retained during library preparation, we normalized
the counts into Count Per Million (CPM) for each gene. ~8000 genes were detected at a
threshold of 1 CPM (Figure S1B), which is comparable to similar RNA-seq performed on
single embryonic cells.56 We further subsampled the SAM files at varied ratios (10%-90%)
to confirm sufficient sequencing depth for maximal gene detection. The expression level

of genes displayed a smooth distribution, with most of the genes expressed at a moderate
level (10 — 100 CPM, Figure S1B). DESeq226 was then used to normalize the counts and
show changes in expression level. A cutoff of 2-fold change with an adjusted p-value < 0.05
was used to identify expression level changes. GO term enrichment analysis was performed
using the PANTHER Overrepresentation Test using a list of genes with >1 fold decrease
from the -5 to —1 oocyte using the PANTHER GO-Slim Biological Process annotation data
set and was tested by a Fisher’s Test with a Bonferroni correction.57:68

RNA Velocity analysis—Reads were re-aligned using the STAR aligner with the
WBcel235.97 assembly of the C. elegans genome. Following alignment and sorting of
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BAM files, we performed library complexity analysis using picard. The analysis showed a
very high percentage of duplicate reads (over 90% in almost all cells), indicating potential
library over-sequencing, which could be due to initially low cDNA load, type of cell
sequenced, or could be protocol-specific. Removing duplicates from paired-end reads is
generally more effective due to the lower probability of incorrectly marking non-duplicate
reads as duplicates and can have significant effects on differential expression analysis.
Correctly identified duplicates lead to a reduced amount of noise due to PCR amplification.
Incorrect identification of duplicates can reduce the number of significantly expressed genes,
especially for highly expressed genes. Therefore, we continued two analyses in parallel
with filtered and unfiltered datasets, though only the filtered data are shown for the intronic
analysis. Data were then combined into per-sample count matrices separately for intronic
and exonic reads using velocyto.32 Genes which contained at least 10 reads in each sample
for a particular oocyte age were considered to have intronic reads. For validation, genes
were then ranked using the following criteria: 1) Intronic reads were found in more than
one intron, 2) At least one intronic read crossed an intron-exon boundary, 3) Intronic reads
did not correlate with a mis-annotated 3" UTR, using data from a recent in-depth 3" UTR
analysis.3®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Individual oocytes were extracted using femtosecond laser microdissection
Oocyte transcript abundance changes during meiosis | arrest

Maternal transcripts are acquired from somatic cells
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Leptotene/
Zygotene

Proliferative cells

Figure 1. Femtosecond laser microdissection (fs-LM) method for the isolation and collection of
single arrested meiosis | oocytes at different ages for ScRNA seq

(A) Drawing of one C. elegans hermaphroditic germline arm with major cell populations
labeled. (B-G) The fs-LM method® involves the following steps. (B) Sever the animal

at the pharynx with two 28G needles by hand under a stereoscope to expose the gonad

and part of the uterus. (C) Transfer the buffer droplet containing the dissected animals to
an upright microscope equipped with the fs-LM setup and a micropipetting system. (D)
Ablate non-target oocytes (-4 and —5) closest to the target oocyte (—3) to create a passage
for releasing the target oocyte. (E) Dislodge the target oocyte and move it away from the
carcass by creating gentle water jets with low-energy off-target fs-laser pulses. (F) Extract
the released target oocyte with a glass micropipette. (G) Deposit the collected single oocyte
into the lysis buffer and freeze at -80°C. See also Figure S1.
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Figure 2. Differential accumulation of maternal transcripts in arrested oocytes as they age
(A) DESeq2 analysis of —1 oocytes compared with —3 and —5 oocytes. Downregulated

transcripts are in blue, upregulated transcripts are in red. Significance cutoff was set to 23
fold change (vertical dashed lines) and p < 0.05 (horizontal dashed line).

(B) Dissected and stained germlines showing representative expression patterns for cyn-7,
mpk-1, spn-4, and pg/-1. Shown are maximum-intensity projection images through the full z
stack with DNA (blue) and mRNA target (green).

(C) Dissected and stained germlines showing representative expression patterns for the class
Il transcripts rme-2, puf-3, gfat-2, and pyg/-1. Shown are maximum-intensity projection
images through the full z stack DNA (blue) and mRNA target (green). (B, C) Scale bars, 20
mm. See also Figures S3 and S4 and Tables S1 and S2.
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A Wildtype D Wildtype

B fog-2 unmated

2 34 5
-1, 6 =7

pSer5 Pol Il 50 um pSer2 Pol Il 50 um

Figure 3. Sperm signal and MPK-1 ERK activation do not induce activation and
phosphorylation of RNA Pol 11 Ser5 or Ser2

(A-F) Maximum-intensity projections from dissected germlines from (A and D) wild type,
(B and E) feminized (fog-2) unmated, and (C and F) fog-2mated for 2 h are shown

with numbered oocytes. Germlines are stained with DAPI (blue), dpMPK-1 (magenta), and
either pSer5 Pol Il (white, A-C) or pSer2 Pol 11 (white, D-F). The nuclei of sheath cells
(triangles), spermathecal cells (asterisks), and sperm (arrows) are labeled. Nuclei near the
dotted lines in (F) are from a neighboring germline. Scale bars, 50 pm.
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Figure 4. RNA velocity to assess nascent transcription in arrested meiosis | oocytes

(A) Percentage intronic reads vs. total RNA reads. Oocyte positions are labeled m1 (-1

oocyte), m3 (=3 oocyte), and m5 (=5 oocyte).
(B-D) Intronic read count vs. exonic read count for genes detected as expressing intronic
reads in (B) —1 oocyte, (C) -3 oocyte, and (D) -5 oocyte.
(E and F) Comparison of normalized exonic reads from DESeq?2 of genes containing
intronic reads in the —1 oocyte. Comparisons are between (E) the —1 and the -3 oocytes
and (F) the —1 and the -5 oocytes. Dotted line depicts +2-fold difference.
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(G-I) Oocytes from a dissected gfp::rba-1 germline with DAPI (blue), GFP::RBA-1 (green),
alg-5 mRNA (white, left side), and pg/-I mRNA (white, right side). Oocytes are numbered
decreasing from oldest to youngest. (G) Maximume-intensity projections of DAPI and GFP
showing the positions and sizes of the oocyte nuclei. (H and 1) Individual slices from a z
stack of the dissected germline, one (H) at the medial plane of oocytes -1 through -4 and
another (I) through the medial plane of oocytes -5 and —6. Nuclear a/g-5 puncta are labeled
(arrowheads). Scale bar, 20 um. See also Figure S5 and Table S3.
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Figure 5. Class | transcripts are present in the arrested -1 oocyte and the spermatheca
(A) Plot showing the fold change in ule-5between different oocyte positions. The p value

cutoff (horizontal dashed line) was p < 0.05.

(B-G) HCR-FISH staining of dissected wild-type germlines with DAPI (blue), ule-5 mRNA
(green), and pg/-1 MRNA (magenta) with oocytes numbered, acquired as a z stack with 14
slices with a step size of 1.5 um. (B and C) Maximume-intensity projection images through
the full z stack with (B) normal acquisition intensity for ule-5mRNA and (C) enhanced
intensity for ule-5 mRNA. (D) Dissected wild-type germline with oocyte in the spermatheca.
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(E-G) Individual slices from central planes (-1 nucleus visible) of the z stack with enhanced
intensity, u/e-5FISH signal (arrowheads) and slice number labeled. For -2, -3, -4, and -5
oocytes and end slices 1 and 14, see Figure S7.

(H-K) Dissected and stained germlines showing representative expression patterns for the
class Il transcripts (H) ZK813.1, (1) ZC373.2, (J) F17E9.4, and (K) D1054.10. Shown are
maximum intensity projection images through the full z stack DNA (blue), pg/-I mRNA
(purple), and target mMRNA (green). Scale bar, 25 um. See also Figures S7, S8, and S9.
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A fog-2 unmated B fog-2 unmated

D fog-2 mated

E Endogenous Promoter

G Replaced Promoter
[fin-1p::ZK813.1]

Endogenous Promoter

| Spermatheca J Spermatheca

K sheath Cells

Figure 6. Class I transcripts are transferred from the spermatheca into the arrested -1 oocyte
(A-N) HCR-FISH staining of dissected fog-2 (A and B) unmated and (C and D) mated

germlines with DAPI (blue), ule-5 mRNA (green), and pg/-I mRNA (magenta) with oocytes
numbered. Shown are maximum-intensity projection images through the full z stack with (H
and J) normal acquisition intensity for ule-5mRNA and (I and K) enhanced intensity for
ule-5 mRNA. (E-H) HCR-FISH staining of dissected and stained germlines from animals
with (E and F) the endogenous ZK813.1 promoter or with (G and H) the ZK813.1 promoter
replaced with the #/n-1 promoter. Shown are maximum intensity projections of slices
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containing oocyte chromatin with DAPI (blue), ZK813.1 mRNA (green), and pg/-I mRNA
(magenta) with oocytes numbered. (I-N) Three-dimensional reconstruction of germlines
with either (1, K, and M) the endogenous ZK813.1 promoter or (J, L, and N) the ZK813.1
promoter replaced with the fln-1 promoter. ZK813.1 mRNA signal has been separated by
cell type: (I and J) spermatheca, (K and L) sheath cells, and (M and N) oocytes. Oocytes are
represented by a translucent surface. Scale bars: (A-H) 25 um, (I-N) 10 pm. See also Figure
S10.
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Figure 7. Model depicting the transfer of mMRNA transcripts from the spermatheca into the -1

oocyte

MRNA transcripts are transported from the spermatheca to the —1 oocyte by an unknown

mechanism, although extracellular vesicles are likely.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Primary: anti-RNA Polymerase Il (pSer 5) Active Motif Cat. 61085; RRID: AB_2687451
Primary: anti-RNA Polymerase Il (pSer 2) Active Motif Cat. 61083; RRID: AB_2687450
Primary: anti-phospho-p44/42 MAPK (Erk1/2) Cell Signaling Cat. 9101; RRID: AB_331646

(Thr202/Tyr204)
Secondary: goat anti-rat 488
Secondary: donkey anti-rabbit 594

Molecular Probes

Invitrogen

Cat. A11006; RRID: AB_141373
Cat. A21207; RRID: AB_141637

Bacterial and virus strains

pgl-1 RNAI
cyn-7 RNAI
mpk-1 RNAI (pSA001)
spn-4 RNAI
puf-3RNAI
rme-2 RNAI
gfat-2RNAI
pygl-1 RNAI
bet-1 RNAI
pgn-80 RNAI
alg-5 RNAI
ule-5RNAI
ZK813.1 RNAI
ZC373.2 RNAI
F17E9.4 RNAI
D1054.10 RNAI

Vidal RNA.i Library
Vidal RNA.i Library
Arur Lab

Vidal RNA.i Library
Vidal RNA.i Library
Vidal RNA. Library
Vidal RNA.i Library
Vidal RNA.i Library
Vidal RNA. Library
Vidal RNA.i Library
Ahringer RNAI Library
Vidal RNA. Library
Vidal RNA.i Library
Ahringer RNAI Library
Vidal RNA. Library
Vidal RNA.i Library

Plate 10022: C4
Plate 11052: C11

Plate 11069: E9
Plate 10027: A4
Plate 10022: B9
Plate 10028: B8
Plate 10028: G7
Plate 11023: D10
Plate 11206: H7
Plate 1-5-1: BO1
Plate 10008: E8
Plate 11207: F7
Plate 6-4-4: HO3
Plate 11040: B11
Plate 10192: H11

Chemicals, peptides, and recombinant proteins

RNase inhibitor Takara Bio Cat. 2313B
Critical commercial assays

SMART-seq v4 3’ DE Kit Takara Bio Cat. 635040
Deposited data

Raw and analyzed RNAseq data This paper GEO: GSE209988

Experimental models: Organisms/strains

C. elegans: Strain LW4502: rba-1(jj188
[GFP::3XxFLAG::RBA-1])

C. elegans: Strain BS553: fog-2(0z40)
C. elegans: Strain AUM1870: ZK813.1(viz166)

Gift from Kelly Jun Liu

CGC
This study

WB Strain: LW4502

WB Strain: BS553; WormBase: WBStrain00003934
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Oligonucleotides

HCR FISH Probes
CRISPR-related oligos

Molecular Instruments

This Study, Paix et al.5”

See Table S4
See Table S5

Software and algorithms

ImageJ
Cutadapt v1.18
FastQC v0.11.5

STAR aligner v2.4.0
featureCounts v1.5.3

DESeq2

Velocyto
Imaris

Adobe Photoshop

Schneider et al.58

Martin5®

Babraham Bioinformatics

Dobin et al.80
Liao et al.b!

Love et al.2®

La Manno et al 32
Oxford Instruments

Adobe

https://imagej.nih.gov/ij/
https://cutadapt.readthedocs.io/en/v1.18/

https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/

https://github.com/alexdobin/STAR
http://subread.sourceforge.net/

https://bioconductor.org/packages/release/bioc/html/
DESeq2.html

http://velocyto.org/
https://imaris.oxinst.com/

https://www.adobe.com/products/photoshop/

Other

RNAseq analysis and figure code

This paper

https://doi.org/10.5281/zenodo.7847503
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