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ABSTRACT Developmental programs are executed by tightly controlled gene regulatory pathways. Here, we combined the unique
sample retrieval capacity afforded by laser capture microscopy with analysis of mRNA abundance by CEL-Seq (cell expression by linear
amplification and sequencing) to generate a spatiotemporal gene expression map of the Caenorhabditis elegans syncytial germline
from adult hermaphrodites and males. We found that over 6000 genes exhibit spatiotemporally dynamic expression patterns through-
out the hermaphrodite germline, with two dominant groups of genes exhibiting reciprocal shifts in expression at late pachytene during
meiotic prophase I. We found a strong correlation between restricted spatiotemporal expression and known developmental and
cellular processes, indicating that these gene expression changes may be an important driver of germ cell progression. Analysis of
the male gonad revealed a shift in gene expression at early pachytene and upregulation of subsets of genes following the meiotic
divisions, specifically in early and late spermatids, mostly transcribed from the X chromosome. We observed that while the X chromosome
is silenced throughout the first half of the gonad, some genes escape this control and are highly expressed throughout the germline.
Although we found a strong correlation between the expression of genes corresponding to CSR-1-interacting 22G-RNAs during germ cell
progression, we also found that a large fraction of genes may bypass the need for CSR-1-mediated germline licensing. Taken together, these
findings suggest the existence of mechanisms that enable a shift in gene expression during prophase I to promote germ cell progression.
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AT the core of metazoan sexual reproduction lies the
development of haploid gametes, namely the sperm

and the egg produced from diploid germline stem cells
(L’Hernault 1997; Yoshida 2010; Sánchez and Smitz 2012;
Chu and Shakes 2013; Ellis and Stanfield 2014; Tanaka
2014). This developmental process includes well-defined cel-
lular steps, but the genetic program that drives them is
largely unknown. During gametogenesis, the mitotically cy-
cling stem cells must produce diploid cells that lose their stem
cell identity, accumulate proteins required for entry into mei-
osis, and then proceed onto two consecutive rounds of mei-
otic cell divisions (meiosis I and II). A critical phase within
gametogenesis occurs before the first meiotic division during
prophase I. Specifically, homologous chromosomes find each
other, pair, synapse, and exchange segments via homologous
recombination in preparation for their segregation away from
each other toward opposite poles of the meiosis I spindle.
During prophase I of oogenesis in many organisms, the oo-
cytes also accumulate transcripts required for early stages of
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embryogenesis [reviewed in Sánchez and Smitz (2012)
and Kim et al. (2013)]. Yet, despite decades of studies pro-
viding descriptions of the gametogenic processes, we know
very little about what drives and controls the development
of sperm and oocytes. This stands in contrast to studies in
yeast in which the availability of large quantities of syn-
chronized meiotic cells have allowed transcriptome and
ribosome profiling analysis of the budding yeast sporula-
tion process (Chu et al. 1998; Primig et al. 2000; Brar et al.
2012).

The Caenorhabditis elegans gonad offers a unique oppor-
tunity for the study of progression from the undifferentiated
proliferative germ cells through spermatogenesis or oogene-
sis (L’Hernault 1997; Dernburg 2001; Couteau et al. 2004;
Greenstein 2005; Zetka 2009; Schvarzstein et al. 2010; Chu
and Shakes 2013; Lui and Colaiácovo 2013; Nousch and
Eckmann 2013; Ellis and Stanfield 2014). Nuclei in both
the adult male and hermaphrodite tube-like gonads are
arranged along the distal–proximal axis in a spatiotemporal
fashion from the germ stem cell mitotic proliferative zone
through the various stages of meiotic prophase, and then
differentiate into mature sperm or oocytes (Kimble and
Crittenden 2005; Shakes et al. 2009; Pazdernik and Schedl
2013; Ellis and Stanfield 2014) (Figure 1A and Figure 6A).
Important contributions to our understanding of the genes
required for germ cell progression were achieved through
RNA-sequencing (RNA-seq), DNA microarray, and SAGE
(serial analysis of gene expression) analyses of the entire
C. elegans gonad (Reinke et al. 2000, 2004; Wang et al.
2009; Ortiz et al. 2014). However, due to the gonad’s syn-
cytial nature, in which germ “cells” do not become fully
cellularized until late diakinesis, and instead maintain a
bridge or connection to a common core referred to as the
rachis to which they contribute their cytoplasmic contents
that flow into developing oocytes, it has so far been impos-
sible to analyze the dynamics of the transcriptome through
this process.

Recent advancements inhigh-throughput sequencing have
enabled the analysis of mRNA abundances from small bi-
ological samples as small as individual cells (Tang et al.
2011; Hashimshony et al. 2012; Avital et al. 2014; Islam
et al. 2014; Macaulay and Voet 2014). Among the available
methods, CEL-Seq (cell expression by linear amplification
and sequencing) is a multiplexed method that uses in vitro
transcription for single-cell transcriptome analysis (Hashimshony
et al. 2012). However, these methods have only recently
started to be used to analyze transcriptome dynamics through
an entire organ or microscopically defined syncytial tissue
(Jan 2017).

Here, we report the development of a novel approach
for transcriptome analysis of syncytial tissues by combining
ARCTURUS Laser Capture Microscopy (LCM) for sample
extraction and CEL-Seq analysis. With this approach, we
analyzed the gene expression profiles in 10 sections of the
adult C. elegans hermaphrodite and male germlines. Anal-
ysis of this unique data set revealed surprising dynamic

changes in the transcription levels of over 6000 genes.
The genes exhibiting dynamic changes in expression can
be clustered into functional groups that differ in their anno-
tated functional and cellular roles, expression profiles, and
include dramatic differences between the autosomes and
the X chromosome. We used these germline data sets to
test different models for gene expression in the germline,
and to analyze their spatiotemporal validity and sexual
dimorphism.

Materials and Methods

Strains and alleles

The C. elegans N2 Bristol strain was used. Worms were cul-
tured at 20� under standard conditions, as described in
Brenner (1974).

Isolation of gonad segments

First, 20–24-hr post-L4 adult hermaphrodites or males were
placed onto 30 ml of Egg Buffer (118 mM NaCl, 48 mM KCl,
2 mM CaCl2, 2 mMMgCl2, and 0.025 mM HEPES pH 7.4) on
glass slides, where gonads were dissected and transferred to
polyethylene naphthalate (PEN) membrane slides (cat #
LCM0522; Life Technologies) with a glass pipette. Next,
2 to 6 gonads were dissected per slide. Excess buffer was
removed, and slides were frozen on dry ice and kept at
280�. To capture the sections, slides were thawed, loaded
onto the ARCTURUS VERITAS LCM, and the distal—proximal
axis of the gonad was measured from the distal tip to the
end of the 21 oocyte or seminal vesicle for hermaphrodites
and males, respectively (gonad axis or GA length). Nonspe-
cific material was removed by loading it onto a CapSure HS
LCM Cap (cat # LCM0214; Life Technologies), which was
then discarded. New caps were used for loading each desired
section and each section was equivalent to one-tenth of the
GA total length. The cap was adhered to the membrane sur-
rounding the desired section by two to three infrared (IR)
laser melt points (power = 70–90 mW, pulse = 1000–
3000 msec, and intensity = 100 mV), and the section was
isolated with an ultraviolet (UV) laser (laser power = 7–17).
We verified under the microscope that: (1) the laser sealed
the gonad along the incision line, (2) only the defined section
was attached to the cap by examining the cap at the QC
station, and (3) that all of the section was removed at the
site. Caps were retrieved, immediately placed into 0.5 ml
sterile tubes, and kept in dry ice.

CEL-Seq analysis

RNA was extracted from gonad sections using Trizol in the
presence of LPA (linear polyacrylamide) to help RNA pre-
cipitation. ERCC (external RNA control consortium) spike-ins
were added with the Trizol; 1 ml diluted 1:100,000 to each
sample. RNA was resuspended in 5 ml water and CEL-Seq
was performed as previously published (Hashimshony et al.
2012), with the exception that different primers were used
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containing a unique molecule identifier (UMI) and a shorter
barcode.

Quantitative RT-PCR analysis

A Power SYBR Green RNA-to-Ct 1-Step Kit was used to
perform the quantitative real-time RT-PCR analysis of gene

expression levels in the gonad sections. Primer sequences for
the genes are: C48B4.10 (Forward: 59-TTTGCCTACGCCTTC
ATCTT-39; Reverse: 59-CTTGTGTGGTGTCCAAGTCG-39),
C01G5.2 (Forward: 59-GAAAGGTGATCAACCGCCTA-39; Re-
verse: 59-CTTCTTCTCCCTTGCCATTG-39), R04D3.3 (Forward:
59-AAGCCACGGAAGACACAGAG-39; Reverse: 59-TCCAGGTCA

Figure 1 Methodology and verification of the spatiotemporal analysis of gene expression in the gonad. (A) Illustration of the C. elegans hermaphrodite
gonad. The nuclei are arranged in a spatiotemporal pattern progressing from the distal mitotic tip (section 1) through the different stages of prophase I
until the last (mature) oocyte (section 10). Oocytes become fully cellularized by late diakinesis. The numbers of the consecutive dissected sections and
corresponding developmental stages are indicated. (B) Experimental work-through and representative images. Worms were dissected, and gonads were
transferred to membrane slides. Sections equivalent to one-tenth of the total gonad length were cut via UV laser (red vertical line in cap represents the
laser beam). (i) This inset shows the UV cut line on the dissected gonad, where * indicates the distal mitotic tip for orientation. (ii) Shows a section
adhered to the cap by melting (arrowheads). (iii) Shows the cap from (ii) that was lifted to be examined at the QC (quality control) station (** indicates
the UV dissected gonad section). (iv) Shows next section of the gonad adhered to cap by melting (*** indicates the corresponding empty area left
behind after the previous section shown in (iii) was picked; note that no parts were left behind and no liquid was spilled). RNA from the caps was
analyzed by CEL-Seq. (C) Verification of dynamic expression via comparison with NEXTDB RNA in situ images. Three representative images of early
(Y106G6H.3), mid (Y6D1A.1), and late (C07D8.6) expression are shown for the indicated genes, as well as expression level (y-axis) along the different
sections (x-axis), as found in our analysis with digitally linearized gonad images extracted from the NEXTDB images (the portions of the gonads that were
linearized are outlined in red on the in situ images). Boxes on the linearized gonads, numbered 1 through 10, indicate the different sections for which
expression levels were quantified. Asterisks on the NEXTDB images indicate the distal tip and are also placed under gonad section 1 on the x-axes of the
expression analysis to orient the direction in which the sections are located along these gonads. TZ: transition zone.
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GACCAGTCCTC-39), and F08F3.6 (Forward: 59-GACTTCCTC
GAATGCCCATA-39; Reverse: 59-TCGTGCCAGACAACAAACAT-39).

Ribosomal density profiling

Synchronized adultworms (24-hr post-L4)werewashedwith
lysis buffer (20 mM Tris pH 8.0, 140 mM KCl, 5 mM MgCl2,
100 mg/ml cycloheximide, 0.5 mM DTT, and 1% Triton
X-100) and flash frozen in liquid nitrogen. Frozen worm pel-
lets were homogenized by cryogrinding with a BioSpec cryo-
mill and suspended in the lysis buffer on ice. Lysates were
cleared of debris by centrifugation for 20 min at 14,000 rpm
and digested with RNAse I (Life Technologies) for 1 hr at
room temperature. The monosome collection and ribosome
footprint library were prepared as in Labunskyy et al. (2014).
Briefly, digested lysates were loaded on linear 10–50% su-
crose gradients and centrifuged for 3 hr at 35,000 rpmusing a
SW-41 Ti rotor. Gradients were fractionated and the fraction
representing the monosome peak was collected. Ribosome-
protected mRNA fragments were released with a release
buffer [20 mM Tris pH 7.0, 2 mM EDTA, and 40 U/ml Super-
asein (Life Technologies)]. The obtained footprints were
used to generate sequencing libraries with the ARTseq Ribo-
some Profiling Kit (Epicentre) by following the manufac-
turer’s instructions. High-throughput sequencing for ribosome
profiling was performed using the Illumina platform. Reads
were trimmed of the first nucleotide and the adapter se-
quence. Resulting reads . 23 nt were used for mapping.
In-house Perl scripts were used to prepare reference data-
bases. A total set of predicted/verified coding sequences from
the WormBase WS246 release with 18 nt of 59 and 39 geno-
mic flanking sequences were used as reference sequences.
For transcripts with multiple isoforms, the longest isoform
with the earliest start codon was selected. For transcripts
encoding the same protein, one transcript was selected arbi-
trarily. Reads were mapped to the reference data with Bowtie
v.1.1.1 (Langmead et al. 2009). Readsmapped to unique sites
were reported with two mismatches allowed.

The same worm lysates used for ribosome profiling were
used to isolatemRNAforRNA-seq analysis. Briefly, RNAswere
first extracted by hot acid phenol:chloroform treatment and
mRNAswere then isolated with a DynabeadsmRNA direct kit
(Life Technologies) following the manufacturer’s instructions.
PurifiedmRNAwas fragmented and used to generate sequenc-
ing libraries. High-throughput sequencing was performed
and reads were aligned to the same set of genes that were
used for ribosome profilingmapping with Bowtie v.1.1.1. Reads
mapped to the 39-end 300 nt of the transcripts (WormBase
WS246 release) were used to calculate mRNA abundances.

To obtain normalized intensity levels for different ex-
pression profiles, the ribosome densities were normalized
to transcript expression levels and were averaged across two
independent experiments.

Bioinformatics analyses

CEL-Seq initial analysis pipeline: Transcript levels were
obtained from sequencing data using a custom computational

pipeline. Briefly, after trimming and filtering, barcoded reads
were demultiplexed to different samples/gonad sections. For
each sample, reads were mapped to the C. elegans genome
release WS230 using bowtie2 (Langmead and Salzberg
2012) and counted using htseq-count (Anders et al. 2015),
while correcting for read amplification bias using UMIs (Sup-
plemental Material, Tables S1 and S9 for hermaphrodite and
male, respectively). Transcript counts were then normalized
to the total number of counted reads in a specific sample and
multiplied by 105 (mean counted transcripts across sections)
(Tables S2B and S10B for hermaphrodite and male, respec-
tively). Finally, transcript levels were obtained by averaging
expression across the two independent samples (Tables S2A
and S10A, respectively).

Generation of expression profiles and profile-specific gene
sets: For all analyses, genes were defined as expressed if their
transcript abundances at any gonad sectionwere$2 and they
were dynamically expressed with a fold difference across
sections of $ 2. To identify specific expression profiles for
in-depth analysis, we used hierarchical clustering of log2-
transformed gene expression data identifying groups of
coexpressed genes (Figure 2 and Table S3). In addition, we
cross-referenced with publicly available in situ gene expression
data for the hermaphrodite gonad (NEXTDB: nematode.lab.
nig.ac.jp/, see main text). This procedure resulted in the defini-
tion of seven specific expression profiles with the following
binary representations: “1000000000,” “1100000000,”
“1111110000,” “0011110000,” “0011111111,” “0000011100,”
and “0000001111” (1 indicates high expression, 0 indicates low
expression). Four specific expression profiles for the male gonad
were determined based on expression data clustering with the
following binary representations: “1111000000,” “0000111100,”
“0000000010,” and “0000000001.” Dynamically expressed
genes were annotated to the binary profiles using Pearson’s
correlation. Genes that did not correlate well (, 0.5) with any
of the profiles were not associated with an expression profile.

Gene ontology enrichment analysis: For each of the de-
termined expression profiles (see above) we tested for gene
ontology (GO) term enrichments using the hypergeometric
distribution with a P-value #1025.

Ribosome loading and density analyses: The fraction of
transcript bound to polysomes was obtained using adult
worms, as described in Nousch et al. (2014), and examined
for germline-enriched genes only. Figure 4 depicts boxplots
(25th, median, and 75th quantile) of the distribution of poly-
some loading (upper panel) and density (lower panel) for
germline-enriched genes [“Figure 1Bi wt vs glp-4 enriched
genes.txt” in Reinke et al. (2004)] associated with different
expression profiles.

Transcription factor analysis

We associated each of the C. elegans expressed genes with
promoters containing a set of strong transcription factor
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(TF)-binding motifs present in the Cis-BP database
(Narasimhan et al. 2015; FIMO (Find Individual Motif Occur-
rences) P-value # 1025 in the region 2500 relative to the
transcriptional start site). We then tested whether each of the
292 annotated TFs overlapped significantly with specific ex-
pression profile genes using the hypergeometric distribution
(P-value # 1024).

Comparison of the UV- with the IR-based
collection methods

Collection: For both methods, 20–24-hr post-L4 adult her-
maphrodites were placed onto 30 ml of Egg Buffer (118 mM
NaCl, 48 mM KCl, 2 mM CaCl2, 2 mM MgCl2, and 0.025 mM
HEPES pH 7.4) on glass slides. Next, 2 to 6 gonads were
dissected per slide and transferred to new slides (PEN

Figure 2 Dynamic expression of genes in the hermaphrodite gonad. (A) Left: hierarchical grouping analyses of dynamic germline gene expression
profiles using Pearson’s correlation. The top 20 gene groups are numbered and demarcated along the left of the y-axis. Right: standardized gene
expression levels (gene expression levels were mean subtracted and divided by the SD). Genes are arranged in the same linear order of the clusters on
the left (y-axis) and gonad sections (X). The two major groups are indicated by black rectangles. Dynamically expressed genes are inversely correlated to
each other (r , 0) if their profiles contain expression in opposite gonad sections. (B) Pairwise profile correlation coefficients among gonad sections. (C)
Standardized gene expression levels along the gonad (sections 1–10) in autosomes compared to the X chromosome.
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membrane slides for UV and glass slides for IR). Excess buffer
was removed, and slides were frozen on dry ice and kept
at280�. To capture the sections with IR, slides were thawed
and dehydrated by using the following sequential washes:
2 min in 70% ethanol, 1 min in 95% ethanol, 1 min in
100% ethanol, and then 5 min in xylene. Dried slides were
loaded onto the ARCTURUS VERITAS LCM, and the distal–
proximal axis of the gonad was measured from the distal tip
to the end of the 21 oocyte. CapSure HS LCM Cap (cat #
LCM0214; Life Technologies) was loaded (for each desired
section) and one-tenth of the gonad length was measured.
The cap was adhered to the section by 2–8 IR laser melt
points (power = 70–100 mW, pulse= 1000–3000 msec,
and intensity = 100–110 mV), and then that section was
isolated (note that the UV laser is not used in the case of
the IR method; for comparison see “Isolation of gonad seg-
ments” above). We verified under the microscope that the
entire desired section was attached to the cap, and if any
remnants bigger than 10% the size of that section were still
visible, we repeated the process above to capture these
remaining pieces on the same cap. Caps were retrieved, im-
mediately placed into 0.5 ml sterile tubes, and kept in dry ice.
Only one gonad was collected from each slide; two gonads
(biological replicates) were used in the IR analysis and two
for the UV analysis.

Bioinformatics analysis method: To infer the quality of the
IR collectionmethod for each replicate,wemeasured the level
of pairwise correlations among the 10 sections. While an
overall high (Pearson’s r . 0.9) correlation was observed
for adjacent gonad sections, two of the sections of the first
replicate (# 4, 7) and two of the sections of the second rep-
licate (# 1, 2) showed consistently lower levels of correlation
with other sections, and were excluded from further analysis.

Transcript levels were obtained from sequencing data
using the same protocol described for the UV-based collection
method, except that for sections 1, 2, 4, and 7 data were
generatedusinga single replicate rather thanaveragingacross
two.

Correlation between the two collection methods: Support-
ing the high quality of our UV-based gonad data set, we also
found high correlations with gonad sections obtained using a
different method (IR method for gonad dissection discussed
above). We found overall high correlations both when com-
paring gonad expression profiles across sections (Figure S3, B
and C) and across genes (Figure S3D). In addition, we looked
at several specific dynamic genes with broad expression
ranges and found high correlations between their profiles
using either method of gonad section isolation (Figure S3E).

Data availability

Strains and reagents are available upon request. The authors
affirm that all data necessary for confirming the conclusions of
the article are present within the article, figures, and supple-
mental files. File S1 contains the list of the mapped reads

number of all genes in eachhermaphrodite gonad section. File
S2 contains the normalized expression of all genes in each
hermaphrodite gonad section. FileS3contains thenormalized
expression of dynamic genes in each hermaphrodite andmale
gonad section. File S4 contains clustered hermaphrodite and
male genes in the defined expression profiles. File S5 contains
the analysis of the comparison between NEXTDB in situ im-
ages to spatiotemporally resolved germline gene expression
data. File S6 contains the list of X-linked genes expressed in
the first five sections of the hermaphrodite gonad. File S7
contains a list of clusters with the illustrative spatiotemporal
representation of high (red) and low (white) expression, bi-
nary designation, and main gametogenic processes. File S8
contains ribosome profiling data. File S9 contains a list of the
mapped reads number of all genes in each section of the male
gonad. File S10 contains normalized expression of all genes
in each section of the male gonad. File S11 contains lists of
the shared and specific hermaphrodite- and male germline-
expressed genes. Supplemental material available at Fig-
share: https://doi.org/10.25386/genetics.6726293.

Results

A map of gene expression with spatiotemporal
resolution for the C. elegans gonad

We dissected sequential sections from the C. elegans her-
maphrodite gonad for gene expression analysis by using the
ARCTURUS VERITAS LCM (Gallagher et al. 2012). We
microdissected gonads from young adult worms (20–24-hr
post-L4) and transferred them to PEN membrane slides. The
slides were mounted on the LCM, and sequential segments,
each equivalent to one-tenth of the gonad’s total length were
cut from each gonad and sealed with a UV laser (hence sec-
tions 1–10). Although each section contains similar biomate-
rial volume, the number of nuclei varies from dozens in
section 1 to a single nucleus in the last two sections due to
the increase in oocyte volume during oogenesis (Greenstein
2005). Each section of the gonad was isolated or extracted by
adhering the collection caps onto the membrane at specific
positions with an IR laser (Figure 1B and see Materials and
Methods).

RNA was extracted from each section and the levels of
polyadenylated RNAs were analyzed by CEL-Seq (Hashimshony
et al. 2012) (Table S1). Individual sections from dupli-
cate biological samples showed a high level of correlation
between samples and consecutive sections (Figure 2B, Fig-
ure S1, and Figure S2). We detected 7019 genes expressed
in all 10 combined sections extracted from these gonads
(Tables S1 and S2). Expression of four genes was validated
by quantitative RT-PCR analysis for sections 2 (premeiotic
region) and 9 (diakinesis) (Figure S4A). Specifically, all four
genes exhibited the same expression patterns as detected by
CEL-Seq, with two showing upregulated expression in the
distal portion (C48B4.10 and C01G5.2) and two exhibiting
upregulated expression in the proximal region of the gonads
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(F08F3.6 and R04D3.3). Next, to test if our data sets en-
compass a significant cohort of germline-expressed genes,
we compared the genes in our list to those detected in pre-
viously reported transcriptome analyses of the entire gonad.
In total, 60% of the genes expressed in our samples were
also detected by Wang et al., who used SAGE to identify
germline-expressed genes, while 10% of the genes detected
in that study were not identified in ours (Wang et al. 2009).
Comparison with the whole-gonad high-throughput se-
quencing analysis data from Ortiz et al. (2014) showed that
91% of our gene set was also detected in that study, while
our segmented analysis did not identify 40% of the genes
that they detected (Ortiz et al. 2014).

Our success in detecting a high level of mRNA in small
biological samples encouraged us to use it for analyzing gene
control during gametogenesis, while taking under consider-
ation the inherent potential caveats of this methodology. Our
method is built on utilizing small biological samples, and
therefore low or transient changes in mRNA levels may be
undetectable for somegenes in thegonad, even if theydohave
important roles. This may be the case for sygl-1 and lin-41,
which are required to maintain germline stem cell and oocyte
growth (Kershner et al. 2014; Spike et al. 2014), and yet were
not detected in our analysis. Also, the CEL-Seq method uses
the poly-A tail for enrichment of the transcripts, and there-
fore the level of genes that undergo exceptional poly-A
processing (e.g., gld-1) may also be misrepresented in
our databases. Like previous gonad transcriptome projects
(Reinke et al. 2000, 2004; Wang et al. 2009; Ortiz et al.
2014), it is also possible that our analysis includes transcripts
that originate from the thin layer of the somatic gonadal
sheath cells (Hall et al. 1999), yet due to the small volume
of these somatic cells compared to the germline, we estimate
that the number of these genes is limited to a small subset
that have high expression in the somatic gonad, mostly at the
proximal end (see Discussion).

Toverify our results,wealso collectedgonad sectionsusing
a different approach (seeMaterials andMethods) in which the
gonads were first completely dehydrated, and then the LCM
caps were adhered to the various segments of the gonad
using IR laser, therefore pulling the segments along with
them when lifted. In this method, no ionizing UV laser is
utilized. CEL-Seq analysis of 10 sequential segments showed
very similar results to those obtained with the LCM/UV laser
method of retrieval (seeMaterials andMethods, Figure S3). In
particular, we found that the average correlation across seg-
ment replicates is 0.93 and that the median correlation co-
efficient between a gene’s profile across the two methods is
0.76. In addition, quantitative RT-PCR analysis comparing
the expression of four genes between sections isolated by
both methods revealed mostly similar levels of expression,
regardless of the method of section isolation (Figure S4, A
and B). Taken together, the comparisons with other studies
examining germline gene expression, and the different re-
trieval methods tested, show that our novel approach is able
to detect the expression of most genes in the gonad sections

that we isolated. Since using the LCM/UV laser resulted in
more accurate and reproducible results, all further results
described herein were achieved by retrieving gonad sections
via this method.

Most hermaphrodite germline-expressed genes show a
dynamic expression that changes by late pachytene of
meiotic prophase I

To determine whether there are dynamic changes in the
transcriptome, we compared the relative mRNA levels of all
the genes between the different sections isolated from the
gonads. We found that 6054 of 7019 (86%) genes whose
expression could be detected exhibit a dynamic pattern (more
than a twofold change, herein referred to as dynamic expres-
sion) along the gonad axis (Figure 2A and Table S3). This
result suggests that although hundreds of germline nuclei
contribute their cytoplasmic content to a cytoplasmic core,
most of the genes’ mRNAs are present at specific regions of
the gonad at varying levels. To validate this result, we com-
pared the top 105 most dynamic genes in our list exhibiting
different expression profiles to in situ hybridization data
from the nematode expression pattern database (NEXTDB:
nematode.lab.nig.ac.jp/). Although the in situ signal is not
quantitative, and the population used in that analysis was not
age-matched to our samples in that their images show com-
bined L4 and adult worms while we strictly analyzed young
adults, we found that 82% (74/90) of the genes exhibiting
changes in signal levels along the gonad based on our anal-
ysis also showed a germline-enriched change in the signal
by in situ hybridization. Moreover, 76% of those showed a
similar pattern to the one detected by our cluster designation
(6 2 sections; Figure 1C, Figure S5, and Table S5).

We further validated our data set by comparing the ex-
pression patterns of genes on the X chromosome to those on
the autosomes. Consistent with previous observations that
unlike the autosomes, the X chromosomes lack histone post-
translational modifications associated with active transcrip-
tion until the end of pachytene (Kelly et al. 2002), we found
that . 92% of the genes on the X chromosome exhibit neg-
ligible or low mRNA levels (defined as having less than two
mapped reads) between the proliferative mitotic region (sec-
tion 1) and the late pachytene region (section 5). Previous
studies showed that de novo transcription drops during dia-
kinesis (Gibert et al. 1984; Schisa et al. 2001; Kelly et al.
2002; Sheth et al. 2010), yet examples of RNA in situ data
for several genes (including genes on the X chromosome)
show that their transcripts are present at elevated levels in
diakinesis (e.g., Kelly et al. 2002 and NEXTDB images of
sec-3). These mRNAs were probably transcribed during
pachytene and diplotene, and were either transported via
cytoplasmic streaming ormaintained during the later stages of
prophase I (Wolke et al. 2007). This is in line with our findings
showing that the relative expression levels of many genes lo-
cated on the X chromosome increase at late pachytene and
diplotene, and are maintained during diakinesis (Figure 2C).
Surprisingly, we found that 19 of the 2868 X-specific genes
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(0.66%) were significantly expressed in sections 1–5 (Table
S6), indicating that some genes may escape this chromosome-
wide silencing. Thus, our comprehensive spatiotemporal anal-
ysis of germline gene expression shows extensive dynamic
changes of mRNA levels throughout the C. elegans hermaph-
rodite syncytial gonad.

Tofindhow the change inmRNA repertoire correlateswith
germ cell progression, we performed hierarchical grouping
analyses of gene expression profiles using Pearson’s correla-
tion coefficient. This unbiased grouping analysis revealed
that most genes (. 70%) fall into two main groups with a
reciprocal pattern of mRNA levels: the mitosis/early meiosis
group and the diplotene/diakinesis group (groups 2 and 4,
respectively, Figure 2A and Table S3). Genes in the first group
show high levels of mRNA in the proliferative mitotic region
(sections 1+ 2), the leptotene/zygotene region referred to as
the transition zone (sections 2–3), and the pachytene region
(sections 3–5), and their expression decreases as they prog-
ress toward the proximal end. Not surprisingly, genes in-
volved in key steps taking place during early prophase,
such as formation of the chromosome axes required for syn-
aptonemal complex assembly (e.g., htp-1, htp-2, htp-3, rec-8,
syp-1, and cra-1) and the DNA damage response (atl-1 and
hus-1) fall into this group. The mRNA levels for the genes in
the second group were low in sections 1–5, but increased
toward late pachytene and diplotene (section 6), and
remained elevated all the way through to the mature oocyte
(section 10). This group included genes shown to be required
for late meiotic events such as cell cycle progression (e.g., cyb-1,
cyb-2.1, cyb-3, cdk-1, cdk-4, cyb-2.2, ify-1, and fzy-1), apo-
ptosis (cep-1), chromosome segregation (air-2 and lab-1),
meiotic spindle organization (mei-1,mei-2, and bub-3), polar
body extrusion (ani-1), and yolk particle uptake (rme-2).
Surprisingly, this group also included genes that are involved
in DNA double-strand break repair from both the homolo-
gous recombination and nonhomologous end joining path-
ways (e.g., gen-1, msh-5, cku-80, mre-11, brc-2, and rpa-2),
which suggests their requirement in late meiotic events.
Other smaller groups with more distinct expression were
consistent with specific oogonial roles. For example, among
the genes in group 20, which included genes with highmRNA
levels in section 6 (late pachytene–early diplotene), we found
egl-1. Section 6 is the region inwhich the DNA damage check-
point is activated (Ye et al. 2014), as underscored by our
observations of elevated levels of egl-1, the most upstream
core apoptotic machinery activator. The difference between
the expression of cep-1 (group 2), which mediates cell cycle
arrest and the early apoptotic commitment stage, and egl-1
(group 20), which initiates the activation cascade of CED-3,
highlights the difference in the control of those two stages in
the germ cell apoptosis pathway. This analysis suggests that
gene expression elements act to shift most of the hermaph-
rodite germline-expressed genes such that they are either
upregulated or downregulated toward late pachytene, and
that a different control is exerted to regulate expression for
some genes that are required for more specific roles.

Correlation between expression profile and
cellular roles

To better characterize gene expression dynamics across the
hermaphrodite germline, we examined smaller clusters of
genes with specific expression profiles. Based on the hierar-
chical clustering of genes and developmental stages, we
designated seven profiles of expression and assigned their
best-matching genes. Unlike the unbiased grouping (Figure
2), these clusters include genes exhibiting high expression in
regions with defined biological processes: cluster 1: stem
cells and mitosis; cluster 2: mitosis and very early stages of
meiotic prophase I (leptotene/zygotene); cluster 3: mitosis,
meiotic leptotene/zygotene, pachytene, and early diplotene;
cluster 4: pachytene and early diplotene; cluster 5: pachy-
tene, diplotene, and diakinesis; cluster 6: exit from late
pachytene, diplotene, and early diakinesis; and cluster 7: late
diplotene and all of diakinesis (Table S4 and Table S7, see
Materials and Methods). We found that each of these clusters
is enriched with specific GO terms (Figure 3 and Figure S6A).
For example, a significant percentage of the genes with high
mRNA levels in cluster 2 (sections 1 and 2), which encom-
passes mostly the mitotic proliferating region, were anno-
tated as “positive regulation of embryonic development”
unique to this profile, and with terms shared with genes
expressed in cluster 3 (sections 1–6) such as reproduction
and “positive regulation of growth rate.” In contrast, the
genes exhibiting high expression in all meiotic prophase I
sections (cluster 5, sections 3–10) were enriched for GO
terms associated with late meiotic and embryonic processes
(e.g., “cytokinesis,” “intracellular protein transport,” cell di-
vision, “locomotion,” and “embryonic development ending
with birth”), indicating that the mRNA required for late
stages of meiosis and as maternal contribution to the early
embryo start to accumulate at the earliest stages of meiosis.
The only GO term specifically enriched in cluster 1 (section 1)
was “lipid transport,” and closer examination showed that the
genes associated with this term are genes encoding for yolk
proteins (VIT-1–6, Table S4). These vitellogenin proteins are
highly expressed in the gut and transport lipids to thematuring
oocyte (sections 9–10). A technical explanation for why we
detected the vitellogenins’ mRNA in section 1 comes from
our workflow procedure. We dissected adult worms in a small
amount of buffer and transferred the gonads along with some
buffer onto new slides. Most probably, these highly expressed
mRNAs spilled from the gut during the dissections, and there-
fore were transferred with the residual carried over buffer and
adhered to the membrane of the new slide. The first cap that
was used to isolate section 1 may have also picked up this
contamination, leading to this result. However, we believe that
the influence of this contamination to our analyses is minor
since: (1) we hardly detected vit-1-6 in the following sections
and (2) most of the mRNAs we detected were also detected in
previous whole-gonad analyses (see above).

Several enriched GO terms observed in the different pro-
files render further support to controlmechanismsworking in
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specific regions of the germline. The diplotene and diakinesis
regions (cluster 6 and 7, sections 6–8 and 7–10, respectively)
are enriched with genes annotated for TF activity, yet it is
not clear if these are actively translated and act to change
transcription. The exit from the late pachytene, diplotene,
and early diakinesis region (cluster 6, sections 6–8) is also
enriched with genes annotated forMAP kinase activity, which
have been shown to control the execution of late meiotic
stages (Hajnal and Berset 2002; Sundaram 2006; Hayashi
et al. 2007; Lee et al. 2007b; Lopez et al. 2013). Interestingly,
“meiotic chromosome segregation” is the only term enriched
in the region encompassing pachytene and early diplotene
(cluster 4, sections 4–6). This raises the question as to why
regions of the germline where earlier stages of meiosis take
place would be enriched for the expression of genes required
for a step of meiosis that occurs after section 10? Closer ex-
amination revealed that this may be the result of erroneous
annotation, since many of the genes included in this profile,
and annotated with this term, are known to act in early mei-
osis where they are required to ensure the accurate chromo-
some segregation that ensues after section 10: syp-2, syp-3,

htp-2, htp-3, zhp-3, him-8, him-5, him-17, rad-51, atl-1, and
mre-11. Another explanation comes from the fact that de novo
transcription is being shut down at late diplotene and diaki-
nesis (Gibert et al. 1984; Schisa et al. 2001; Kelly et al. 2002;
Sheth et al. 2010), and thus high levels of transcripts required
for later stages (diakinesis) have to be produced at earlier
stages (pachytene–diplotene). Taken together, the GO anno-
tation analysis shows that different regions in the gonads are
enriched with transcripts with distinct biological roles. More-
over, the annotations further support the quality and preci-
sion of the information that can be derived from the strategy
applied in this current study, given the high concordance be-
tween the GO term enrichments observed for specific regions
of the gonad and the mechanisms known to control germline
processes at those regions.

Different levels of post-transcriptional regulation may
be implemented throughout different regions of
the germline

Previous studies suggesting that translational control plays an
important role in oocyte development (e.g., Nousch et al.

Figure 3 Gene ontology terms associated with genes expressed at specific regions of the hermaphrodite germline. For each of the indicated expression
profiles (columns), the enrichment was computed for the genes expressed with that profile and the genes annotated to the indicated gene ontology
categories (rows). For simplicity, only a subset of gene ontology terms with enrichment (hypergeometric distribution, see Materials and Methods) of less
than P # 1025 for at least one profile are shown in the plot (full sets are shown in Figure S6). Profiles are indicated as cartoons of gonads, with red
covering the high-expression region. Gene cluster numbers are indicated below the gonad cartoons. Color indicates the P-value of the enrichment with
blue indicating low and red indicating high levels of enrichment.
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2014), as well as the overrepresentation of ribosomal and
translational GO terms identified for transcripts in cluster
3 (mitosis and meiotic leptotene/zygotene, pachytene, and
early diplotene stages; Figure 3), prompted us to test how
much translational control may contribute to the germline
gene expression profiles that we observed. Therefore, we
evaluated the level of the mRNA undergoing active trans-
lation analyzed in our samples. Since it is currently not pos-
sible to pull down sufficient polysomes for translation
analysis from small biological samples, we first used
the whole-worm polysome data published by Nousch
et al. (2014), restricting our analysis to germline-enriched
genes (Reinke et al. 2004). We examined the level of ribo-
some loading to transcripts of different expression profiles
by sampling the ratio of polysome-bound to -free mRNAs
(Nousch et al. 2014) (Figure 4A). Using this measure, it
was previously suggested that germline-expressed genes
are poorly translated (Nousch et al. 2014). Indeed, we
found that the germline transcripts from most profiles
exhibited low association with ribosomes (clusters 1 and
4–7, , 0), suggestive of lower translational activity. Cluster
3 (mitosis, meiotic leptotene/zygotene, pachytene, and
early diplotene), and especially cluster 2 (mitosis and
leptotene/zygotene of meiosis I), exhibited higher levels of
association with polysomal fractions. Removing all tran-
scripts associated with GO terms such as “small ribosomal
subunit,” “structural constituent of ribosome,” “ribosome,”
“translation,” and “translation elongation” from consider-
ation did not change the polysome association ratio of cluster
2 (data not shown). These results suggest that although
genes expressed in the germline have lower translational
activity than in the soma (Nousch et al. 2014), in some re-
gions of the gonad there may be a higher level of polysomal
association.

Next, to further validate the polysome loading analysis
utilizing previously published data, and to gain more insight
into the level of active translation in the gonad, we performed
polysome density analysis by doing ribosome profiling cou-
pledwithRNA-seq analysis for samples thatweprepared from
adult hermaphrodites (whole worms).We retrieved 4million
reads that aligned to �12,000 genes (Table S8), and by
once again limiting our analysis to germline-enriched genes
(Reinke et al. 2004) we found similar trends compared to the
polysome loading analysis (Figure 4B). We also examined
whether most genes in the same cluster have similar poly-
some binding and/or density. We found that most of the
genes did not show high variability and that 50% of the genes
exhibited a difference of less than an order of magnitude
within the same cluster (Figure 4). Taken together, we found
that despite the low level of translation in the germline, there
are someminor spatiotemporal differences within the gonads
as well as relatively limited variability within specific sec-
tions. However, it is unclear how much the region-specific
translational control observed accounts for some of the dy-
namic changes in gene expression observed throughout the
germline.

Specific TF targets are spatiotemporally coexpressed in
the gonad

Our observation of a transcriptional shift occurring in the
C. elegans gonad led us to ask how such boundaries are estab-
lished and maintained. Some reports suggested that gene ex-
pression in the gonad is mostly governed by post-transcriptional
control (e.g., Merritt et al. 2008). Although our data set does
not contradict this model, it can be used to search for evi-
dence of specific transcriptional control elements that may
take part in driving germ cell progression. Studies in yeast
suggest that a series of TFs drive meiosis and sporulation in
that organism (Chu et al. 1998; Primig et al. 2000). To ex-
plore if some TFs are also involved in driving meiosis in
C. elegans, we checked whether known TF targets are expressed
in the same cluster in the gonad. Specifically, we used the
characterized recognition motifs of 292 C. elegans TFs
(Narasimhan et al. 2015) to test whether transcripts that
are expected to be controlled by these motifs are enriched
in our defined expression clusters (Figure 5A). We found an
enrichment of the predicted targets for several TFs in specific
expression clusters. Among these TFs, the strongest corre-
lation with spatiotemporal expression was with EFL-1 and

Figure 4 Translational spatiotemporal changes. Polysome-associated vs.
-free mRNAs of germline-enriched genes from (A) whole-worm polysome
data published by Nousch et al. (2014), restricting our analysis to germ-
line-enriched genes (Reinke et al. 2004), and (B) ribosome density (this
study) in different expression profiles of hermaphrodite gonads. Boxplots
indicate 25th, median, and 75th quantile. The number of genes is in-
dicated within each box. Expression profiles are indicated as cartoons of
the gonads with red covering the region of high gene expression. Gene
cluster numbers are indicated below the cartoons.
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EOR-1. EFL-1 targets were enriched with genes that are
expressed throughoutmeiotic prophase I (cluster 5), but they
were not enriched in profiles with earlier expression or more
limited spatiotemporal expression (Figure 5A). This result is
not surprising given the known roles of EFL-1 in oogenesis
and early embryogenesis (Chi and Reinke 2006), as well as
the phenotypes observed upon the depletion of efl-1 by RNA
interference (RNAi), which include embryonic lethality, a
phenotype commonly associatedwith meiotic defects, as well
as fewer germ cells, gonad development variation, and ste-
rility (Lin and Reinke 2008). The predicted targets for EOR-1
consisted of genes that were highly enriched in diplotene
through diakinesis (clusters 6 and 7, sections 6–10). Deple-
tion of eor-1 in mutants for various other genes was reported
to result in sterility and embryonic lethality (Lehner et al.
2006). Nevertheless, we cannot rule out the possibility that
expression of these genes arises from the somatic gonad (see
Discussion). Taken together, these results suggest that TFs
may act during oogenesis to upregulate gene expression at
different stages and patterns, but unlike the sporulation tran-
scription pattern of yeast (Chu et al. 1998; Primig et al. 2000),
we could not detect a simple consecutive TF program.

The male gonad shows a shift in mRNA abundance by
entrance into pachytene of meiotic prophase I

We next examined the male gonad, which is also mostly
syncytial, with nuclei that are laid in a linear fashion from
the mitotic proliferative region into meiotic stages and finally
differentiate into sperm (L’Hernault 1997; Shakes et al. 2009;

Chu and Shakes 2013) (Figure 6A). The first developmental
stages of the male gonad are similar to the hermaphrodite
gonad, but their relative physical length is different (Shakes
et al. 2009; Chu and Shakes 2013; Figure 6A). Also, nuclei
following pachytene in the male gonad undergo dramatically
distinct differentiation stages to produce haploid spermato-
zoa [Figure 6A and Figure 8, reviewed in Chu and Shakes
(2013)]. We dissected male gonads and analyzed gene ex-
pression levels along 10 sequential sections, similar to our
hermaphrodite analysis. Once again, individual sections from
duplicate biological samples showed a high level of correla-
tion between samples and the consecutive sections (Figure
6B and Figure S1B), yet these correlations were lower than
observed for the hermaphrodite samples. This could be a re-
sult of it being technically simpler to detect the end of the21
oocyte in the hermaphrodite gonad compared to the more
challenging detection of the end of the vas deferens in males.
We detected 8052 genes expressed in all 10 combined sections
(Table S3, Table S9, Table and S10). Comparison between the
genes in our list and the data set of Ortiz et al. (2014) showed
that 88% of the genes that we found expressed in our samples
were also detected in that data set, while we did not detect
33% of the genes detected in that study (Ortiz et al. 2014).
These tests show that the spatiotemporal analysis of male-
expressed genes, similar to our analysis of gene expression in
the hermaphrodite germline, is able to detect the majority of
the mRNA levels along the gonad.

To identify both the shared and specific genes operating
duringgermcell progression in the twosexes,wecomparedall

Figure 5 Transcription factor targets are enriched at specific germline regions. Significant enrichments (P-value # 1024) of expression of transcription
factor targets within the germline gene expression profiles. Scale: 10 indicates high expression, 0 indicates low expression. (A) Hermaphrodite. (B) Male.
Expression profiles are indicated as cartoons of the gonads with red covering the regions of high gene expression. Gene cluster numbers are indicated
below the cartoons.
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Figure 6 Dynamic expression of genes in the male gonad. (A) Illustration of the C. elegans male gonad. The nuclei are arranged in a spatiotemporal
pattern from the distal mitotic tip (section 1) through the different stages of prophase I (from section 3 to early 8), the division zone (late section 8), and
spermiogenesis (sections 9–10). (B) Pairwise profile correlation coefficients between male sections (left) and male vs. hermaphrodite sections (right). (C)
Left: hierarchical grouping analyses of male germline gene expression profiles using Pearson’s correlation. The top 20 gene groups are numbered and
demarcated to the left of the y-axis. Right: standardized gene expression levels. Gene expression levels were mean subtracted and divided by the SD.
Genes are arranged in the same linear order of the clusters on the left (y-axis) and gonad sections (X). The two major groups are indicated by black
rectangles. (D) Standardized gene expression level along the male gonad (sections 1–10) in autosomes (left) vs. the X chromosome (right). TZ: transition
zone.
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the genes for which we detected expression in our her-
maphrodite and male gonads and found 5633 shared, 1386
oogenesis-specific, and 2419 spermatogenesis-specific genes
(Table S11). We also correlated individual sections from our
male and hermaphrodite analyses, taking into account that the
same developmental stages are not always present in the
same cut between these two sexes, given that meiotic pro-
gression unfolds differently throughout these gonads and the
presence of two postmeiotic differentiation sections in the
male gonad. We found that the gene expression profiles for
the first three sections in the male gonad (mitosis and early
meiosis) highly correlate with the gene expression profiles
observed for the first five sections of the hermaphrodite go-
nad, and to a lesser extent with the last five sections of the
hermaphrodite gonad. This result shows that the proliferative
zone and early meiotic steps of both the hermaphrodite and
male germlines are similar at the mRNA level. In contrast, the
last six sections of the male gonad (sections 5–10) are mark-
edly different from any section in the hermaphrodite gonad
(Figure 6B). These results show that the mRNA cohort of the
distal parts of the male gonad is similar to the entire cohort of
the hermaphrodite gonad, but after that point it diverges and
a different gene expression pattern is adopted.

Comparing the expression pattern and unbiased grouping
of genes in the male gonad showed that, similar to the
hermaphrodite gonad, most genes fall into two main groups:
genes with high expression in mitotic and early meiotic
sections (sections 1–4, group 8 in Figure 6C), and genes with
high expression from pachytene to the end of prophase I
(sections 5–8, group 6 in Figure 6C). Two smaller groups
included genes with high expression in early spermatids (sec-
tion 9, group 12 in Figure 6C) and in the late spermatid re-
gion (section 10, group 4 in Figure 6C). A previous study
suggested that gene expression changes also occur during
pachytene in spermatocytes, as well as in spermatids and
even spermatozoa in mice testes (Soumillon et al. 2013), in-
dicating that these shifts may be evolutionarily conserved.
The four major expression profiles we found in the wormmale
gonad were also enriched with specific GO term annotated
groups (Figure S6B). In agreement with previous reports, we
found that genes mapping to the X chromosome were mostly
silent in the male gonad (Figure 6D and Kelly et al. 2002),
yet. 300 genes encoded on the X chromosome had significant
expression in at least one section. Most strikingly, the expres-
sion of. 200 genes on the X chromosome was restricted only
to sections 9 and 10, albeit these could also be transcribed from
the somatic gonadal vas deferens (see Discussion).

High expression of specific TF targets was again enriched
among the fourmajor expression profiles (Figure 5B). Similar
to the hermaphrodite gonad, EOR-1 and EFL-1 targets were
also expressed in the male gonads, but exhibited spatiotem-
poral differences in expression compared to the hermaphro-
dite gonads. While EFL-1 targets are expressed throughout
all meiotic regions during oogenesis, they were limited to the
mitotic/early meiotic cluster in the male gonad. While EOR-1
targets are expressed in mid–late prophase I regions during

oogenesis, they are enriched postmeiotically in the male
(compare Figure 5, A and B). Thus, our results suggest that
some TFs are needed for general germ cell progression, but
that the way the specific male or hermaphrodite gene ex-
pression programs are executed probably depends on other
regulatory elements that affect both transcription and trans-
lation. Interestingly, the murine homolog of efl-1, E2F1,
was shown to be expressed in spermatogonia and early
meiotic stages in mouse testes (Rotgers et al. 2015), once
again pointing toward evolutionary conservation of our find-
ings. These results show that a shift in gene expression occurs
by either early or late pachytene in the male and hermaph-
rodite gonads, respectively, and that the male also employs
tight mRNA control in the spermiogenesis region, leading to
sharp transitions in mRNA cohort profiles.

Spatiotemporal expression of genes corresponding to
CSR-1-associated 22G RNAs

CSR-1 (Chromosome Segregation and RNAi-deficient-1) is
an Argonaute protein that binds 22G RNAs that are antisense
to genes exhibiting elevated germline expression [reviewed
in Wedeles et al. (2014)]. Although CSR-1 has in vitro slicer
activity (Aoki et al. 2007), it was shown that the expression of
the genes that correspond to the CSR-1-associated 22G RNAs
is downregulated in csr-1 mutants (Claycomb et al. 2009).
Therefore, it was suggested that CSR-1 plays a direct role in
licensing or protecting the transcription of germline-expressed
genes via the 22G RNAs (Claycomb et al. 2009; Seth et al.
2013; Wedeles et al. 2013). Our spatiotemporal analysis of
germline gene expression allowed us to revisit the possibility
that genes that correspond to CSR-1-associated 22G RNAs are
silenced in a localized fashion within the gonad, which may
have escaped thewhole-wormanalysis (Claycomb et al. 2009),
and that there is a requirement for CSR-1 for germline gene
expression. Therefore, we compared the expression of 22G
corresponding genes to our spatiotemporal germline gene ex-
pression profiles. We found that although CSR-1 is expressed
throughout the gonad (Claycomb et al. 2009), most of the
associated genes were mainly expressed in either the early or
late large germline groups (Figure 7A). This result shows that
although CSR-1 may license transcription in the germline,
other factors also exist to spatiotemporally limit this transcrip-
tion. Most strikingly. 2000 genes with significant expression
in the gonad are not associated with CSR-1 22G RNAs. These
are mostly late expression genes encoded from the X chromo-
some and genes with very limited spatiotemporal expression
patterns (Figure 7A), indicating that other control mechanisms
can license germline gene expression. Thus, our results show
that although CSR-1 may license gene expression in the germ-
line, possibly through binding to genomic sites and increasing
transcription (Seth et al. 2013; Wedeles et al. 2013), it is nei-
ther sufficient for robust expression nor exclusively required
for germline gene expression.

CSR-1 22G RNA expression licensing has been more thor-
oughly explored in the male gonad (Conine et al. 2013).
There, the Argonaute proteins ALG-3/4 engage 26G RNAs
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to both positively and negatively regulate hundreds of
mRNAs, and many of the positively regulated mRNAs also
correspond to 22G RNAs bound by CSR-1. This and other
data led to a model in which a feedback loop between the
two classes sustains this positive expression mechanism, and
licenses the expression of the targeted genes in both the male
gonad and the next generation (Conine et al. 2013). When
we tested the expression profile of genes corresponding to
the CSR-1 male 22G RNAs, we found that most did not have
significant expression throughout all sections of the male
gonad. We found that . 83% of the genes that correspond
to CSR-1 22G RNAs belonged to the two major dynamic
groups (sections 1–4 or 5–8, Figure 7B). Genes with expres-
sion in sections 9 and/or 10 were largely not represented in
the 22G CSR-1-associated RNAs, although these may come
from the somatic cells (see Discussion). Surprisingly, the co-
hort of genes that corresponds to both CSR-1- and ALG-3/4-
associated RNAs are mostly expressed in sections 5–8, even
though ALG-3/4 are expressed in the male gonad until the
mature sperm (Conine et al. 2010, 2013) (Figure 7B). As
expected from our comparison of gene expression levels for
different sections between male and hermaphrodite gonads
(Figure 6B), the genes that correspond to CSR-1 22G RNAs
and are also expressed in the hermaphrodite were expressed

in sections 1–4, andweremostly not sharedwith the ALG-3/4
genes (Figure 7B). Our results suggest that CSR-1 may only
license expression in sections 1–8 in the male gonad, and if a
feedback loop with ALG-3/4 is present, it exhibits very lim-
ited or specific spatiotemporal expression.

Discussion

Dynamic changes in mRNA levels within a syncytium

Multinucleated cells exist in many multicellular organisms.
In some of these syncytial cells (e.g., muscle fibers) the nu-
clear morphology is generally uniform (Bruusgaard et al.
2003), while in others like the human placenta, the nuclei
are observed with different chromatin structures and the
transcription levels vary between nuclei (Burton and Jones
2009; Ellery et al. 2009). Although during oogenesis in both
Drosophila melanogaster and C. elegans the nuclei do not
float in a shared cytoplasm, the oocyte develops while it is
connected to a core of cytoplasm, whose contents flow and
are shared with other nuclei. This scenario raises a critical
question: how can a nucleus differentiate into a specific fate
while other nuclei that share mRNA with it are present at a
different state?

Figure 7 CSR-1-associated genes are enriched in specific groups. (A) Left: standardized expression of the hermaphrodite genes along the gonad
sections. Genes were hierarchically clustered according to their expression profiles. Right: histogram-plot (each bin representing 100 clustered genes)
showing the frequency of the genes associated with CSR-1. (B) Left: standardized expression of the male genes along the gonad sections. Genes were
hierarchically clustered according to their expression profiles. Right: histogram plots (each bin representing 100 clustered genes) showing the frequency
of the genes that are either associated with CSR-1 (left), both CSR-1 and ALG-3/4 (middle), or CSR-1 oogenesis genes (right).
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RNA-seq of biological samples as small as single cells has
advanced our understanding of differences in transcription
between cells, but applying these methods to microscopically
defined syncytial tissues has been challenging. By combining
microscopic laser dissection, and adhering techniques with
linear amplification and RNA sequencing, we were able to
bridge this gap. Using this method, we were able to analyze
mRNA levels with spatiotemporal resolution along the axis of
the C. elegans gonad and provide a comprehensive view of
dynamic gene expression for an entire syncytial organ, as
well as complete oogenesis and spermatogenesis differentia-
tion processes. Our analysis provides evidence that clusters of
mRNA levels change within the cytoplasmic core at specific
regions throughout the germline.

Two nonmutually exclusive models can explain how
mRNAs that diffuse within the shared cytoplasm and/or reach
an equilibrium via cytoplasmic flow (Wolke et al. 2007) can
still be present at different levels at different regions: (1)
post-transcriptional control via mRNA degradation could re-
duce the level of specific transcripts at specific zones of the
gonad and (2) constant production in only a specific region
can create a gradient of the mRNA levels. The robust preva-
lence of dynamic expression found in this research and the
sharp changes observed in a small subset of those transcripts
lead us to suggest that both of these models act within the
gonad, with the former model acting to quickly remove a few
select transcripts, while more prevalent gradual changes are
driven by transcription acting on most of the dynamic genes.

We found that the male gonad shows sharper contrasts in
its mRNA cohort among groups of sections (compare Figure
2B to Figure 6B). Also, the mRNA cohort of sections 1–3 in
the male is similar to all sections of the hermaphrodite (Fig-
ure 6B).We can envision two explanations for these results. It
is possible that cytoplasmic flow (Wolke et al. 2007) is stron-
ger in the germlines of hermaphrodites compared to males,
and thus the mRNAs from the early stages are present
throughout the hermaphrodite, but not in the male, gonad.
It is also possible that spermatogenesis, which proceeds faster
than oogenesis (Jaramillo-Lambert et al. 2007), requires
sharper changes in gene expression, and thus early tran-
scripts have to be eliminated in the male for progression of
the developmental program. It would be interesting to test
these models to have a deeper understanding of these two
similar, yet different, programs.

Analyzing oogenesis through germline gene expression

Similar to other transcriptomic studies of the C. elegans go-
nads (Reinke et al. 2000, 2004; Wang et al. 2009; Ortiz et al.
2014), our data combine transcripts fromboth the germline and
the somatic gonads. Although, for the most part, the volume of
the somatic cells is negligible compared to the germline (Hall
et al. 1999), it is possible that some of the genes we detected
as enriched in certain regions were actually transcribed in the
soma. For example, inx-8/9, which were both grouped into
the late diakinesis cluster (Table S4), are known as sheath
cell components (Starich et al. 2014). Expression of other

genes present in this late diakinesis cluster (i.e.,myo-3) could
also arise from the sheath cells and not only as part of the
maternal contribution. In a similar fashion, expression of
genes in the postmeiotic divisions of the male gonad could
arise from the somatic gonadal vas deferens. For example,
K09C8.2 and R03H10.4, which have high expression in late
stages in our data set, were shown to be expressed in the
somatic vas deferens (Thoemke et al. 2005). This somatic
expression could also explain the specific expression from
the X chromosome that we found in sections 9 and 10. Nev-
ertheless, the large difference in volume between the germ-
line and somatic tissues, and the presence of many known
germline transcripts, suggest that most transcripts we de-
tected are part of the germline. Future studies applying
our method to, for example, glp-4mutants, in which worms
reach adulthood lacking germline nuclei (Beanan et al.
1992), would provide a handle on somatic gonad-expressed
genes.

A large body of work has been devoted to understanding
the mitotic to meiotic switch [reviewed in Kimble (2011)].
Indeed, these studies defined a set of proteins that together
control this irreversible decision. However, our results also
show that a dramatic change in gene expression occurs
within the first half of meiotic prophase I in both oogenesis
and spermatogenesis (Figure 8). This midprophase I shift
occurs both as a sharp transition as well as a gradual

Figure 8 Spatiotemporal processes in the male and hermaphrodite go-
nads. Illustrations of the hermaphrodite (A) and male (B) gonads. Sections
and corresponding major process are indicated. The area in which most of
the mRNA levels shift is indicated as a red/blue gradient. The region in
which de novo transcription was reported to decrease (Kelly et al. 2002) is
highlighted in red.
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increase/decrease in germline gene expression (compare
meg-1 to rmd-1 in Figure S5).

Why would so many genes have to be upregulated or
downregulated at mid–late pachytene in hermaphrodites?
One answer comes from a “no return” decision that takes
place shortly after pachytene during oogenesis. This is the
last point in which quality control mechanisms can direct a
defective nucleus into an apoptotic fate (Gartner et al. 2008).
Thus, any nucleus that enters diakinesis would need a large
cohort of transcripts that would facilitate the subsequentmei-
otic divisions and early embryogenesis. Indeed, it is not sur-
prising that either at or shortly after the end of pachytene in
the hermaphrodite gonad, genes associated with cell cycle
progression, chromosome segregation, apoptosis, and devel-
opment are upregulated, leading to the oocyte maturation
stages (this study). Yet, although this model would explain
the switch in oogenesis, it would not explain our observations
for the male gonad, where no apoptotic germ cell quality
control is set in place (Gartner et al. 2000; Jaramillo-Lambert
et al. 2010), and there is no clear evidence for paternal con-
tribution. Rather, it would seem that in the male gonad, this
switch represents the beginning of the cell differentiation
stage, which would probably require a whole new set of gene
functions.

Whatdrives themidprophase I transition?Onepossibility is
that it involves signaling by theMAP kinase (MAPK) pathway,
which has been previously implicated in regulating meiotic
progression [reviewed in Sundaram (2006)]. This is also
supported by our study, which shows an enrichment for genes
annotated with MAPK activity exhibiting elevated mRNA lev-
els in diplotene (sections 6–8) (Figure 3). However, if MAPK
is driving the midway transition, it must act rapidly since the
shift we detected in germline gene expression occurs be-
tween sections 5 and 6, concomitant with the rise in activated
MAPK (Hayashi et al. 2007; Lee et al. 2007a,b; Arur et al.
2011). Another possibility is that transcription from genes
on the X chromosome, which is turned on at section 6 in
the hermaphrodite germline (Figure 2C), drives this transi-
tion, but there are no robust transcripts from the X in sections
5–8 in the male (Figure 6D). Thus, it remains to be deter-
mined how the changes in germline gene expression we un-
covered are regulated, and we suggest that our data sets
provide a starting point for subsequent studies aiming to ad-
dress this issue.

Controlling transcript levels throughout the germline

Previous studies suggested that gene regulation in the C.
elegans germline is primarily executed post-transcriptionally
by 39-UTR elements (e.g., Merritt et al. 2008). Several lines
of evidence presented in this research argue that transcript
levels play a major role in the germline’s gene expression
through either mRNA biogenesis or degradation. First, we
found a very dynamic profile of germline gene expression,
where genes on the X chromosome show differences in ex-
pression throughout the gonad and, contrary to what has
been postulated before (e.g., Nousch and Eckmann 2013),

transcript levels do not simply rise gradually from distal to
proximal regions, but exhibit very complex patterns (Figure
2A). Second, we found dozens of TFs with dynamic patterns
of expression (Table S3). Third, some gene clusters, espe-
cially with high expression in mid–late meiosis, are enriched
for transcripts annotated with GO terms associated with tran-
scription. Fourth, several predicted TF targets are expressed
with similar profiles, suggesting activation by transcription
(Figure 5). Fifth, we found that most transcripts do not show
strong variability of association to polysomes, arguing against
silent vs. active populations (Figure 4). Finally, we found that
hundreds of genes corresponding to CSR-1-bound 22G RNAs,
which are presumed to act via transcriptional activation
(Claycomb et al. 2009), are present throughout most re-
gions during germline progression for both sexes (Figure
7). Altogether, these observations suggest that the active pat-
tern of transcription may be combined with patterns of post-
transcriptional control to enable faster changes in gene
expression within the gonad.

Ways to exploit the spatiotemporal profiles of germline
gene expression

The data sets provided here are useful resources for many
fields of study. Using these data sets, we show dramatic
changes in gene expression at specific stages during prophase
I in both spermatogenesis and oogenesis (Figure 8). Recently,
computational integration of cytological and RNA-seq analy-
ses was used to analyze the transcriptome of spermatogonia
and meiotic prophase substages in juvenile mice (Ball et al.
2016). This work found a transcriptome shift during pachy-
tene, as was previously suggested (Waldman Ben-Asher et al.
2010; Soumillon et al. 2013), indicating that this transcrip-
tome shift may be evolutionarily conserved in metazoans.
Specific TFs may be required to execute these shifts in gene
expression at specific meiotic stages, as suggested by our
analysis (Figure 5). Although most genes residing on the X
chromosome are silenced from the onset of germ cell progres-
sion until the end of the divisions in spermatogenesis, we
found that some genes escape this whole-chromosome con-
trol in the male germline. It will be interesting to identify the
molecular mechanisms that facilitate this control. Although
the methodology we employed cannot detect small RNAs
(seeMaterials andMethods), it can detect the dynamic nature
of genes that may be targeted by the endogenous small RNA
machinery. Focusing on genes that correspond to CSR-1-
associated 22G RNAs, we found indications for CSR-1’s mode
of operation. Genes corresponding to CSR-1-associated 22G
RNAs are expressed broadly in the gonads of both males and
hermaphrodites, but do not exhibit sharp spatiotemporal
transitions in expression. This supports a model by which
CSR-1 can license transcription in the germline, but we found
almost no support for robust positive feedback between ALG-
3/4 and CSR-1, as the shared genes aremostly limited to very
specific patterns.

Finally, our data set (Tables S1–S11) can be used to
find new paths for the control of germline development,
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gametogenesis, and the different layers of gene regulation
at the chromosomal and genome-wide levels. Recently, tran-
scriptome profiling of the C. elegans somatic gonad precur-
sor cells has been published (Kroetz and Zarkower 2015).
As data sets for germline precursor cells, and the transcrip-
tomes for different single-cell germline developmental
stages become available, for C. elegans and other organisms,
it will also be possible to assess the evolutionary conserva-
tion of these findings, and use these comparisons to find
both common as well as unique strategies by which gene
regulation is used to control germline proliferation and
differentiation.
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