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Abstract

Background Age-related decline in reproductive function is a hallmark of organismal aging, yet the molecular
mechanisms driving this process remain incompletely understood. The insulin/IGF-1 signaling (IIS) pathway is highly
conserved and influences both lifespan and reproductive aging in Caenorhabditis elegans, where reduced IIS extends
reproductive span. While prior studies have examined isolated tissues or time points, a comprehensive temporal
analysis of gonadal transcriptional dynamics under reduced IIS has been lacking. Here, we compared IIS-dependent
regulation of the gonadal transcriptome with that of other somatic tissues to uncover tissue-specific mechanisms of
reproductive aging.

Methods Bulk RNA sequencing was performed on distal gonads dissected above the spermatheca from wild-

type N2 and daf-2(e1370) mutant animals, a well-established model of reduced IIS. Samples were collected at

four physiologically relevant adult stages—Day 1 (young adult), Day 2, Day 6, and Day 10—covering early to late
reproductive periods. In parallel, whole-worm RNA-seq was conducted for N2 and daf-2 at Day 1 and Day 10 to
enable systemic comparisons. Differential gene expression analyses identified IIS-responsive transcripts that were
either gonad-specific or non-gonadal. Expression datasets were further analyzed using self-organizing maps (SOMs)
with hierarchical clustering. Gene network construction, functional enrichment, transcription factor enrichment, and
conservation analyses were performed, and differential expression profiles were integrated with publicly available
germline-, gamete-, and somatic tissue-enriched datasets.

Results Temporal transcriptomic profiling revealed distinct IIS-dependent expression trajectories in gonadal versus
non-gonadal datasets. SOM-based clustering resolved temporally regulated expression modules, while network

and enrichment analyses uncovered a multilayered regulatory architecture within the gonad. Gonadal expression
was enriched for structural, extracellular matrix, and signaling pathway genes, whereas non-gonadal data showed
enrichment for stress response and longevity-associated pathways. Integration with germline-, gamete-, and somatic
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tissue-enriched datasets distinguished tissue-specific regulatory signatures. Importantly, lIS-regulated gonadal
components included genes highly conserved with human orthologs.

Conclusion This study provides a high-resolution temporal map of the gonadal transcriptome under reduced IIS
and highlights gene modules potentially critical for reproductive maintenance. These findings offer a resource for
dissecting tissue-specific aging programs and insulin-dependent regulation of reproductive health.

Plain english summary

As animals age, fertility naturally declines—but the biological reasons behind this are complex. A key player in
aging and reproduction is the insulin/IGF-1 signaling (IIS) pathway, which influences how long organisms stay
fertile. In this study, we wanted to understand how IIS affects the activity of genes in the reproductive organs

over time. To do this, we studied the roundworm Caenorhabditis elegans, a common model for aging research. We
collected reproductive tissue and whole-body samples from worms with normal and reduced IIS at different stages
of adulthood. We then analyzed which genes were turned on or off at each stage. Our results revealed that gene
activity changes significantly with age, and that these changes look very different in reproductive tissues compared
to the rest of the body. Some genes were found to be tightly regulated by IIS and may help preserve reproductive

health as animals age.

This study provides a valuable gene expression map that helps explain how reproductive tissues age under
different insulin signaling conditions. It offers a foundation for future research into how to slow reproductive aging

through targeted gene regulation.
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Background

The aging population and the dramatically rising age of
parenthood pose significant medical challenges, leading
to a decline in reproductive health and substantial socio-
economic consequences [1, 2]. This decline in female
reproductive health, starting approximately one decade
before menopause, is attributed mainly to decreased
oocyte quality [3]. As maternal age advances, the risks
of infertility, miscarriages, and birth defects increase [4].
Aging mammalian oocytes exhibit various abnormali-
ties, such as increased errors in fertilization, chromo-
some segregation, and cleavage [4, 5]. These issues stem
from defects in recombination and chromosome cohe-
sion during meiosis, certain mutations, and a diminished
ability to eliminate defective oocytes, which are essential
for nurturing developing oocytes [6—9]. Emerging evi-
dence indicates that oocyte quality is not solely deter-
mined by germline-intrinsic mechanisms but is also
critically shaped by the surrounding somatic gonadal
microenvironment [10, 11]. Despite these insights, the
molecular impact of aging on the gonad itself remains
poorly understood. In this context, Caenorhabditis ele-
gans has emerged as a powerful model organism due to
its evolutionary conservation with humans in reproduc-
tive processes, its transparent anatomy, and its amena-
bility to genetic manipulation. Like humans, C. elegans
experiences a marked decline in fertility during early to
mid-adulthood, offering a tractable system for studying
reproductive aging [12]. Understanding how gene expres-
sion programs within the gonad change over time, and
how they are modulated by conserved aging pathways,

is key to unraveling the molecular basis of reproductive
longevity.

Insulin/IGE-1 signaling (IIS) is an evolutionarily
conserved and potent genetic pathway that regulates
reproduction across various organisms, including Cae-
norhabditis elegans, Drosophila, mice, and humans
[13-19]. In mammals, including humans, the PI3K/
AKT pathways downstream of IIS are crucial for recruit-
ing primordial follicles into the growth phase [20]. This
process begins when insulin or other growth factors bind
to receptors on oocytes and granulosa cells. This bind-
ing triggers a downstream cascade that converts PIP2 to
PIP3, activating AKT. Activated AKT enhances follicle
growth and survival by modulating downstream targets
[21, 22]. Granulosa cells and ovarian thecal interstitial
cells, both of which are somatic elements, play critical
roles in follicle development in humans. Insulin is rou-
tinely used to supplement in vitro cultures of preantral
follicles, functioning as a survival factor by reducing
atresia and increasing the number of viable follicles [23].
IGF1 plays synergistic and complementary roles in gran-
ulosa cell development, and insulin can synergize with
FSH to promote the differentiation and proliferation of
human ovarian interstitial cells [24]. In C. elegans, insu-
lin signaling is crucial for germline proliferation, oocyte
development, and meiotic progression and for main-
taining oocyte quality, thereby influencing reproduc-
tive aging [8, 13, 25-27]. Few studies in C. elegans have
underscored the role of insulin signaling through somatic
gonads in maintaining germline progenitor integrity
and reproductive fidelity [28, 29]. These observations
emphasize that IIS not only regulates germline-intrinsic
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processes but also critically influences the surrounding
somatic microenvironment to support follicle growth
and reproductive success. Although the conserved role of
IIS in oogenesis and ovarian development from worms to
humans is well established, its temporal and tissue-spe-
cific impact on gonadal aging, particularly in the context
of advanced maternal age (AMA), remains undefined.
Most existing high-throughput gene expression studies
on gonadal tissues have focused on isolated time points,
primarily examining either germline-intrinsic programs
or gamete-specific processes [30—32]. While informa-
tive, such approaches do not capture the dynamic nature
of gene regulation in the gonad over the course of repro-
ductive aging. Given that reproductive decline occurs
gradually, a temporal framework is essential to uncover
stage-specific gene expression signatures, regulatory
switches, and coordinated transcriptional programs that
contribute to reproductive span. Moreover, the extent
to which these programs are shaped by insulin/IGF-1
signaling (IIS)—a central regulator of reproductive and
systemic aging—also remains poorly defined. Previous
attempts to study tissue-specific gene expression have
often relied on gonad-less or germline-ablated C. elegans
models, which introduce systemic perturbations and
compensatory effects that can confound interpretations
of native gonadal transcriptional activity. Such genetic
interventions can disrupt the organism’s interorgan
communication network (ICN)—a complex system by
which tissues influence each other’s physiology—Ilead-
ing to pleiotropic effects and compensatory changes that
obscure the native transcriptional landscape [33]. Addi-
tionally, these models often carry developmental altera-
tions or systemic shifts unrelated to the intrinsic aging of
the gonadal niche, further confounding interpretation. To
circumvent these limitations and preserve physiological
relevance, we performed high-resolution transcriptomic
profiling on manually dissected gonads, carefully excised
above the spermatheca to exclude sperm and developing
embryos. In parallel, we generated whole-worm tran-
scriptomes to serve as a systemic reference, allowing
direct comparisons between tissue-specific and organ-
ism-wide gene expression. Using this dual-tissue, tem-
porally resolved approach, we profiled both gonadal and
whole-body transcriptomes across physiologically rele-
vant adult stages spanning early to late reproductive peri-
ods under wild-type and reduced insulin/IGF-1 signaling
(rIIS) conditions. By combining clustering approaches,
gene network and functional enrichment analyses, and
cross-comparison with tissue-specific datasets, we
define distinct IIS-dependent regulatory programs in
the gonad. Our results reveal temporal expression mod-
ules, uncover a multilayered regulatory architecture, and
identify IIS-regulated gonadal components conserved
with human orthologs. This analysis revealed distinct,
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stage-specific gene expression dynamics in the gonad
that are not apparent at the whole-organism level. Our
strategy enabled the construction of a comprehensive
temporal atlas of gonadal gene expression and uncovered
how IIS reprograms molecular pathways in the reproduc-
tive niche over time.

Methods

Strain maintenance

The Caenorhabditis elegans wild-type strain N2 (Bris-
tol) and the daf-2(e1370) mutant were procured from
the Caenorhabditis Genetics Center (CGC), University
of Minnesota, USA. Worms were cultured on nematode
growth medium (NGM) agar plates seeded with Esche-
richia coli OP50 as a food source and maintained at 20 °C
under standard conditions. Routine subculturing was
performed to avoid starvation and overcrowding.

Hypochlorite treatment for egg collection and
synchronization of the worm population

Caenorhabditis elegans worms were grown on E. coli
OP50 bacteria (Caenorhabditis Genetics Centre, Minne-
apolis, MN, USA) until they reached the egg-containing
gravid adult stage. The worms were then collected from
the plates via M9 buffer in a 15 mL centrifuge tube. M9
buffer was prepared by mixing 6 g of Na,HPO, (Hime-
dia Laboratories, Mumbai, India, Catalog #TCO051), 3 g
of KH,PO,, 5 g of NaCl, and 0.25 g of MgSO, in 1 L of
double-distilled water. The worms were subsequently
centrifuged in a swing bucket rotor (Eppendorf India Pvt.
Ltd., Chennai, India, Model #5810R) at 1200 x g for 60 s,
followed by resuspension of the worm pellet in M9 buf-
fer. This washing procedure was repeated three times.
The worm pellet was then dissolved in a bleach solution
composed of double-distilled H,O, sodium hypochlorite
(Merck Life Sciences Pvt. Ltd.,, Mumbai, India, Catalog
#1.00983.0511), and 5 N NaOH (Merck Life Sciences Pvt.
Ltd., Mumbai, India, Catalog #1.06462.1000) at a ratio of
7:2:1. To obtain hypochlorite-resistant eggs by dissolving
the gravid worm bodies, the suspension was vortexed for
6—8 min using a vortex shaker (Tarsons, Kolkata, India;
Model #Spinix). The eggs were then washed 5-6 times by
centrifugation at 2000 x g, the M9 buffer was removed
with a suction pump (Rocker Scientific Co., Kaohsiung,
Taiwan, Model #Rocker410), and the eggs were resus-
pended in fresh M9 buffer to remove any traces of bleach
or alkali. After the final wash, the eggs were resuspended
in 10 mL of M9 buffer and kept on a rocking shaker (Tar-
sons, Kolkata, India, Model #Rockymax) for 18-20 h at
21-22 °C to allow L1 offspring to hatch and arrest. The
hatching percentage was assessed to confirm the viabil-
ity of synchronized L1-stage animals. The Ll-arrested
worms were then seeded on RNAI plates and grown until
the L4 stage. Unhealthy or unsynchronized animals were
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discarded at the L4 stage. The remaining healthy and syn-
chronized animals were grown further until they reached
the desired stage/time point, at which point they were
used for RNA isolation.

Dissection and collection of gonads

Gonads were isolated from Caenorhabditis elegans at var-
ious time points during the worm lifespan (young adult,
day 2, day 6, and day 10), (Table 1). Tools, including a 23
G needle (Generic), Stripper™ pipettor (Cooper Surgical
Inc., Trumbull, CT, USA, Catalog #MXL3-STR-CGR),
and 75 pm diameter Stripper™ tips (Cooper Surgical Inc.,
Trumbull, CT, USA, Catalog # MXL3-75), were used. The
hermaphrodite worms were transferred to a glass slide
placed under a dissection microscope. Using a fine 23
G needle, the worms were carefully severed just behind
the pharynx. The extruded gonadal arms were then dis-
sected just above the spermathecae to separate them
from the carcass. The isolated gonads were collected with
the help of a stripper pipettor in the lid of a 1.5 mL PCR
tube containing ice-cold M9 buffer. Five gonads were iso-
lated per tube in a maximum of 10 min. The PCR tubes
were capped and spun to bring the gonads down. To each
tube, 100 pL of TRIzol containing the gonads was added.
The tubes were then rapidly frozen in liquid nitrogen and
stored at —80 °C until further analysis.

Whole worm samples were collected from N2 (wild-
type) and daf-2 (rIIS) hermaphrodites at YA (Young-
Adult) and Day 10 (Table 1). Approximately 10-15
worms were collected for each technical replicate. To
each PCR tube, 500 pl of TRIzol was added. The tubes
were promptly frozen in liquid nitrogen and then stored
at -80 °C.

RNA isolation

Frozen gonads and worms at —80 °C were lysed via three
freeze-thaw cycles with intermittent vortexing to break
open worm bodies. To isolate RNA from the gonads,
four tubes were prepared, each containing 5 gonads
pooled from animals of the same age. 400 uL of chlo-
roform (Merck Life Sciences Pvt. Ltd.,, Mumbai, India,
Catalog #1.07024.0521) was added to the worm pellets,
and the tubes were gently inverted several times. After
being incubated for 3 min at room temperature, the

Table 1 Summary of samples collected for transcriptomic

analysis

Sample Type Strains DO (YA) D2 D6 D10

Gonads N2 (Wild-type) 3BR 3BR 3BR 3BR
daf-2 (Low IIS) 3BR 3BR  3BR  3BR

Whole Worm N2 (Wild-type) 3BR X X 3BR
daf-2 (Low IIS) 3BR X X 3BR

‘D’ represents days, BR-Biological Replicates and ‘X’ represents samples not
collected
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samples were centrifuged at 12,000 x g for 15 min at 4 °C.
The upper aqueous phase was carefully transferred to a
fresh tube without disturbing the bottom layer or inter-
phase. An equal volume of isopropanol (Fisher Scientific,
Ottawa, ON, Canada, Catalog #BP2618-500) was added,
and the mixture was allowed to sit at room temperature
for 10 min. Following centrifugation at 12,000 x g for
10 min at 4 °C, the supernatant was discarded, and the
remaining pellet was washed with 1 mL of 70% ethanol.
After a final centrifugation at 12,000 x g for 5 min at 4 °C,
the RNA pellet was air-dried at room temperature and
then dissolved in nuclease-free water. The mixture was
heated at 65 °C for 10 min with intermittent tapping. The
RNA concentration was measured via a fluorimeter (Invi-
trogen, California, United States, Model #Qubit3.0), and
the RNA quality was assessed via a Bioanalyzer with an
RNA kit (Agilent Technologies, United States, Catalog
#RNA6000Nano).

Gene expression analysis via quantitative real-time PCR
(9-PCR)

To validate the sequencing results, expression levels of
random genes were quantified via real-time quantitative
PCR (qRT-PCR). First, complementary DNA (cDNA)
was synthesized from 1 pg of total RNA via the Super-
Script III First-Strand Synthesis System Kit (Thermo
Fisher Scientific, Waltham, MA, United States, Catalog
#18080051). The process involved mixing oligo dT prim-
ers and dNTPs with the RNA and then heating the mix-
ture at 65 °C for 5 min before cooling it to 4 °C for 1 min.
Next, dithiothreitol, RNase OUT, 5x reverse transcrip-
tase buffer, and 1 uL per reaction of Superscript Reverse
Transcriptase III were added. The mixture was incubated
at 42 °C for 50 min, followed by a termination step at
70 °C for 15 min. Gene quantification was performed via
qRT-PCR with Brilliant IIT Ultra-Fast SYBR QPCR Mas-
ter Mix (Agilent Technologies, California, United States,
Catalog #600882) and a real-time PCR system (Bio-Rad,
California, United States, Model #CFX96 Touch Real-
Time PCR Detection System) following the manufactur-
er’s instructions. Relative gene expression was calculated
via the AACt method, where the ACts values of target
genes were normalized to the Ct values of housekeeping
gene gpd-2. The primers used for this quantitative RT-
PCR analysis is listed in Additional File 1.

Library preparation and RNA sequencing

Three biological replicates, each consisting of 20 gonads
(4 tubes of 5 gonads each) pooled from animals of the
same age and with RNA integrity number (RIN) values
above 8, were selected for the study. The cDNA libraries
were constructed with a TruSeq RNA Library Prep Kit
v2 (Illumina Inc., California, United States) following the
manufacturer’s instructions. Briefly, 15 ng of RNA sample
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was utilized as the starting material. This was followed by
mRNA isolation, fragmentation, and priming, followed
by first-strand and second-strand ¢cDNA synthesis. The
double-stranded ¢cDNA was subsequently purified, fol-
lowed by adapter ligation and, once again, purification of
the ligation reaction. The final step involved PCR enrich-
ment of the adapter-ligated DNA. The quality of the
prepared library was assessed via an Agilent 2100 Bioan-
alyzer, and the quantity was determined via a Bioanalyzer
with a high-sensitivity DNA kit (Agilent Technologies,
United States, Catalog # 5067 —-4626). Sequencing was
then conducted on Illumina next-generation sequencing
(NGS) platforms (Illumina Inc., California, United States
Models # HiSeq 2500 systems) with 50 bp single-end
reads.

Data analysis

Read alignment and differential expression

Standard manufacturer guidelines from Illumina, Inc.,
were followed for imaging, base calling, and quality
scoring. Demultiplexing and conversion of BCL files to
FASTQ files were performed via the Illumina-supported
CASAVA v1.8.2 software package. MultiQC reports [34]
were generated before and after adapter trimming and
Phred-based read filtering via Cutadapt to assess data
quality. The reads were aligned to the WBcel 245 refer-
ence genome with STAR [35], and transcript-level read
counts were calculated via FeatureCount [36]. To identify
outlier samples and determine factors affecting variation
within the expression data, PCAtools (version 2.2) was
used for principal component analysis (PCA). Differential
expression analysis was performed via DESeq2 [37], and
genes with an adjusted P value < 0.05 and |log,FC| > 1
were considered differentially expressed.

Heatmap generation

Heatmaps were generated via Morpheus online software
(https://software.broadinstitute.org/morpheus/) to visual
ize RPKM (reads per kilobase of exon model per million
mapped reads) values. The data were prepared in tabular
format with appropriate headers, uploaded to Morpheus,
and visualized via the “Heatmap” tab. Customization
options such as clustering, color schemes, and annota-
tions were adjusted for optimal visualization. The result-
ing heatmaps were saved in PNG format to provide
insights into gene expression patterns.

Venn diagrams

Venn diagrams were created via Venny 2.1.0 software,
accessible at https://csbg.cnb.csic.es/BioinfoGP/venn
y.html [38], to depict the overlap among various gene
lists. The gene lists were input into the software, which
automatically generated Venn diagrams showing com-
mon and unique genes across the lists. The results were
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subsequently manually depicted via MS PowerPoint to
illustrate the relationships between the gene sets. The sig-
nificance of the overlap between different gene lists was
evaluated via hypergeometric distribution and represen-
tation factors.

Volcano and violin plots

To generate a volcano for gene analysis via the SRPlot
tool available at https://www.bioinformatics.com.cn/en?
p=2[39], the gene expression data were prepared in tabu-
lar format, ensuring that the columns represented gene
identifiers, log,-fold change values, and p values. Follow-
ing the website’s instructions, the data were uploaded
to the SR Plot. The dataset was displayed upon upload,
and options were selected to specify columns containing
log,-fold changes and p values for plot generation. Cus-
tomization settings, including color schemes, point sizes,
and labels, were adjusted accordingly. The volcano plot
was then analyzed to identify genes exhibiting significant
expression changes, with a focus on those with high fold
change values and low p values. To ensure fair and bio-
logically meaningful comparisons, only genes that were
expressed across all samples were included for violin plot
visualization. This approach reduces noise from condi-
tion-specific dropout events and stabilizes density esti-
mation across groups. Violin plots were generated using
input data where the first column contained gene names
and the subsequent columns contained RPKM values for
each sample. Various parameters, such as color, size, and
shape, were selected from the drop-down menus. Box
plots were embedded within each violin plot to illustrate
the distribution of the expression data values.

Self-Organizing Map (SOM) analysis

Differentially expressed genes (DEGs), encompassing
both upregulated and downregulated transcripts, were
identified using the criteria |log,FC| = 1 and P<0.05
across multiple developmental time points: Day 0, Day
2, Day 6, and Day 10 for gonadal tissues, and Day 0 and
Day 10 for non-gonadal tissues. Genes showing signifi-
cant upregulation or downregulation at least at one time
point were combined to generate a final non-redundant
list for both gonadal and non-gonadal categories. RNA-
seq expression data were fetched as reads per kilobase
per million mapped reads (RPKM) for gonadal and non-
gonadal tissues of C. elegans strains N2 (wild type) and
daf-2 mutants at each developmental stage. To capture
temporal expression patterns with high resolution, we
applied self-organizing map (SOM) analysis. Average
RPKM values from three biological replicates were nor-
malized by row-wise Z-score transformation (mean sub-
traction followed by division by the standard deviation)
and further scaled to the range of -1 to 1 by dividing
by the maximum absolute value. The SOM architecture
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consisted of a 20 x 10 hexagonal grid (200 neurons) with
weights initialized from a random normal distribution.
Training was performed for 1000 iterations with an expo-
nentially decaying learning rate (initial value=0.5) and
neighborhood radius o (initial value =1.0). For each itera-
tion, the best-matching unit (BMU) for each input vector
was identified using Euclidean distance. Neuron weights
were updated using a Gaussian neighborhood function
based on the distance to the BMU. After training, genes
were assigned to their nearest neuron according to the
minimum Euclidean distance. Visualization was carried
out using hexagonal heatmaps for each time point, where
neuron colors reflected the average normalized expres-
sion of assigned genes. Neurons with no assigned genes
were displayed in gray. Expression values were mapped
using the ‘RdAYIBu’ colormap (range = — 1 to 1), with black
hexagonal outlines (line width =0.5), equal aspect ratios,
and axes removed for clarity.

Hierarchical clustering of expression trajectories

All computational analyses were conducted in Python 3.x
using the following libraries: pandas (data manipulation),
NumPy (numerical operations), seaborn (color palettes),
matplotlib (plotting), scikit-learn (data standardization),
and SciPy (hierarchical clustering, linkage analysis, and
Pearson correlation calculations). Raw RPKM data were
processed by removing duplicate gene identifiers, group-
ing biological replicates, and calculating mean expression
values for each time point: gonadal samples (Days 0, 2, 6,
and 10 for N2 and daf-2) and non-gonadal samples (Days
0 and 10 for both strains). To stabilize variance and han-
dle zero expression values, data were log,-transformed
with a pseudocount of 1 [log,(RPKM+1)]. Temporal
expression patterns were assessed using correlation-
based hierarchical clustering to identify genes with simi-
lar trajectory shapes, independent of absolute expression
levels. Genes with near-zero variance (standard devia-
tion<1x107'°) were removed to prevent computational
errors. Pairwise Pearson correlation coefficients were
computed on the transposed filtered dataset, and dis-
tance matrices were generated as (1 — correlation matrix)
to convert similarity into distance measures suitable for
clustering. Hierarchical clustering was performed using
Ward’s minimum variance linkage method. Flat cluster-
ing was applied to obtain the predefined number of dis-
crete clusters, with labels assigned sequentially from 0.
Genes excluded due to low variance were assigned to
cluster -1, and complete cluster assignment arrays were
reconstructed to match the original dataset dimensions.
Clustering parameters were optimized separately for
each tissue type and strain. For visualization, all gene tra-
jectories were displayed in light gray (a=0.15) as back-
ground, with cluster mean trajectories shown as black
dashed lines (line width =2). For each cluster, a reference
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gene (highest Pearson correlation to the cluster mean)
was identified, and the five genes most strongly corre-
lated with this reference were selected as representative
members. These genes were filtered to include only low-
ercase gene names (characterized genes), sorted by cor-
relation strength, and plotted in distinct colors from the
matplotlib ‘Table 10’ palette (line width =1.8), with labels
indicating gene names and correlation coefficients. Leg-
ends were placed at the upper left, with reduced font size
(8 pt) and no frame borders.

Transcription factor enrichment

Transcription factor enrichment analysis was conducted
via the AnnoMiner tool [40], which leverages promoter
regions specific to each transcription factor (TF) on the
basis of precalculated binding densities. The analysis was
performed on curated, nonredundant gene lists derived
from differentially expressed genes in the shared gonadal
(ShGn) and non-gonadal (NoGn) categories, as described
in the Results section. This tool offers a combined score
derived from both the p value and enrichment score, pro-
viding a comprehensive assessment of TF enrichment
significance. Initially, separate gene lists were prepared
for primarily gonadal (ShGn) and Non-gonadal (NoGn)
genes exhibiting differential expression. These lists were
uploaded to AnoMiner for analysis, with the reference
genome set to C. elegans (cel1/WBcel245), the genome-
annotation resource selected as refseq, and the ID list
chosen as nonredundant down (ShGn). The overlap cri-
terion was set to bp overlap with a value of 25 bp, and the
promoter region was defined using custom settings spec-
ifying 1000 bp upstream and 50 bp downstream from
the transcription start site (TSS). Similarly, analysis was
performed with other sets of genes. This process yielded
a list of enriched transcription factors with their com-
bined enrichment scores. These results were interpreted
to identify TFs potentially associated with the regulatory
mechanisms underlying the observed gene expression
changes. Furthermore, a heatmap based on the enrich-
ment scores was plotted to visualize the TF enrichment
patterns.

Network analysis

The gene lists mentioned above with Ensemble ID iden-
tifiers were imported to perform network analysis via
Cytoscape [41]. The advanced network analysis plugin
ClueGO v2.5.8 was used for detailed analysis, pathway
enrichment, and representation [42]. The statistical tests
used were enrichment/depletion with Bonferroni step-
down correction. The GO levels ranged from 3 to 8. The
details of the gene cluster samples were included. Manu-
ally added or modified IDs, with 3 genes each and a mini-
mum percentage of 4.0. Clusters were combined via ‘Or’
logic with a specificity threshold of 60.0%. GO fusion was
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disabled, while GO grouping was enabled. The kappa
score threshold was set to 0.4, and grouping by kappa sta-
tistics was enabled, with an initial group size of 1 and a
sharing group percentage of 50.0%. Network layout algo-
rithms are applied to organize the network visually. The
network is explored interactively, zooming, panning, and
selecting nodes and edges to focus on specific regions of
interest. The resulting network visualization is custom-
ized with labels and annotations for clarity.

Gene ontology (GO) analysis

To perform gene ontology (GO) analysis via the Data-
base for Annotation, Visualization, and Integrated Dis-
covery (DAVID) [43], a list of genes mentioned in the TF
enrichment analysis was used. These gene lists were then
uploaded to the DAVID website, and the Gene Func-
tional Classification tool was selected from the Analysis
Tools menu. After choosing the C. elegans species and
gene identifier type, the analysis was initiated. DAVID
performs functional annotation clustering and GO analy-
sis to identify enriched biological processes, cellular com-
ponents, and molecular functions within the gene list.
The top five categories on the basis of p values are plotted
with bar diagrams.

Statistical analysis

Differential expression analysis of the RNA-seq data
was conducted via DESeq2 [37]. The raw count data
were normalized to size factors, and differential expres-
sion was assessed via a negative binomial model. P val-
ues were computed via the Wald test and adjusted for
multiple testing via the Benjamini-Hochberg procedure
to control the false discovery rate (FDR). Genes with an
adjusted p value < 0.05 and absolute log,-fold change >
1 were considered significantly differentially expressed.
Hypergeometric p values for all Venn diagrams were
computed via online software (http://www.geneprof.o
rg/GeneProf/tools/hypergeometric.jsp), with exact p
values reported in the figures. qPCRs were run in tripli-
cate. The fold change in gene expression and relative data
was analyzed via an unpaired two-tailed Welch’s t test,
accounting for unequal variances between the samples.
GraphPad version 8.0 (PRISM, San Diego, CA, USA) was
utilized for data analysis and graph plotting. Significance
was determined at a p value < 0.05. These values are rep-
resented as * 0.05, ** 0.01 and *** 0.001.

Results

Gonads exhibit distinct molecular signatures

We selected four distinct time points from N2 (wild-
type) and daf-2 (e1370), (Low IIS) worms: young adult
(YA) (Day “07 shortly after fertilization begins), Day 2
(peak reproductive period), Day 6 (near the end of the
reproductive period in wild-type worms), and Day 10 (as
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the reproductive period in low-IIS worms nears comple-
tion) after growing the worms at 20 °C on OP50 bacterial
feed. Whole worm samples were collected at two specific
time points: YA on Day “0” and Day 10. The day 2 and day
6 samples from whole worms were excluded from analy-
sis to avoid potential RNA contamination from embryos.
After bulk RNA sequencing (Additional File 2), the aver-
age RPKM values from three biological replicates for each
sample were plotted, revealing a distinct gene expression
pattern between the gonads and the whole organism
(Fig. 1A). Gene expression levels were markedly higher
in the gonads than in the whole organism, although
the total number of expressed genes was greater in the
whole organism (Additional File 2). To analyze the vari-
ability in gene expression, genes were categorized based
on their RPKM values. Genes that were expressed in all
gonadal samples were identified (n=7944), and a sepa-
rate set of genes consistently expressed across all whole-
worm samples (n=13,563) was similarly considered. The
Venn diagrams depicting these overlaps are shown irre-
spective of strain background or sample collection time
point. Genes expressed across all samples were catego-
rized based on their expression levels (RPKM) into six
groups: Minimal (<1), Low (1-10), Moderate (10-100),
High (100-200), Very High (200-500), and Extremely
High (>500). (Additional File 3 and Figure S1A). In the
gonads, most genes fell in the Moderate (10—-100 RPKM)
category across all time points (~ 3800 genes), followed
by Low (1-10 RPKM, ~1700-1800 genes). Minimal (<1
RPKM), High (100-200 RPKM), Very High (200-500
RPKM), and Extremely High (>500 RPKM) categories
contained fewer genes. Most genes in whole worms were
in the Moderate (10—~100 RPKM, ~5500-6400) and Low
(1-10 RPKM ~4300-4900) categories. Minimal (<1
RPKM) genes were more abundant than in gonads, while
Very High and Extremely High categories contained no
genes, suggesting that high-expression transcripts in
the gonads are not reflected systemically. The distribu-
tion was largely consistent between WT and rIIS whole
worms (Figure S1A).

To further elucidate the distribution of gene expres-
sion, violin plots combined with kernel density estimates
and box plots were generated. These plots revealed that,
at the organism level, a substantial proportion of genes
had RPKM values below 20, whereas at the gonadal level,
a notable fraction of genes presented RPKM values above
20 (Fig. 1B). This suggests a distinct molecular environ-
ment in the gonads. Furthermore, nonredundant gene
lists for the gonads (n=8,586) and the whole organism
(n=13,862) were curated. The overlap between these
gene lists enabled us to categorize genes into two non-
overlapping groups: those expressed in both the gonads
and the whole organism “Shared Gonadal (ShGn)” and
those expressed in the whole organism but not in the
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Genes uniquely expressed in gonads were compiled to define a gonad-specific gene set (left panel), whereas the whole-worm gene set was constructed
by aggregating transcripts detected across all whole-body transcriptomes (right panel). The middle panel shows the overlap between the gonad and
whole-worm gene sets, irrespective of the strain background or sample collection time point. Genes expressed in both gonadal and whole-worm sam-
ples were categorized as Shared Gonadal (ShGn), whereas those exclusively detected in whole-worm samples were designated as Non-Gonadal (NoGn).
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Differential expression dynamics in gonadal and non-

gonads “Non-Gonadal (NoGn), (Fig. 1C). Our goal is
to accurately capture gene expression levels in their
natural context, minimizing external influences such as
gene perturbations or tissue removal. The second cat-
egory (NoGn) encompasses genes expressed in the entire
organism but not in the gonads. While this approach
may not encompass every gene expressed throughout an
organism, it provides crucial insights into gene expres-
sion in its native environment. Notably, a small fraction
of genes is “gonad exclusive” (n = 108) were excluded from
further analysis because of their low expression levels.

gonadal tissues

To examine the differential expression of gonadal genes
under rIIS conditions relative to the wild type (WT)
across various time points, we selected genes based on
the criteria of p<0.05 and log, FC>1. At the young adult
stage (Day 0), only a limited number of shared gonadal
genes (ShGn) were differentially expressed, with 60
genes (0.7%) upregulated and 176 genes (2%) downregu-
lated out of 8,414 differentially expressed genes. How-
ever, during the peak reproductive period on Day 2, the
dynamics shifted dramatically, revealing a significant
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increase in differential expression: 554 genes (6.6%) were
upregulated, and 868 genes (10.3%) were downregulated
from a total of 8,451 expressed genes. In contrast, dur-
ing the reproductive decline period (Day 6), we observed
a significant reduction in differentially expressed genes,
alongside a reversal of the previous trend. Here, 406
genes (4.8%) were upregulated, and 306 genes (3.6%)
were downregulated out of 8,462 expressed genes. How-
ever, at the most advanced stage of reproductive decline
(day 10), the number of differentially expressed genes
rebounded, closely aligning with the number observed
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during the active reproductive period on day 2, with 452
genes (5.4%) upregulated and 806 genes (9.6%) downreg-
ulated out of 8,430 expressed genes (Fig. 2, left & middle
panel).

In the non-gonadal group (NoGn), at the young adult
stage (Day 0), 2,139 genes (40%) were upregulated,
and 238 genes (4.4%) were downregulated out of 5,359
expressed genes. On Day 10, a total of 1,916 genes (35.7%)
were upregulated, and 273 genes (5.1%) were downregu-
lated out of 5,360 expressed genes indicating sustained
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Fig. 2 Differentially expressed genes (DEGs) between the wild-type and rlIS strains across time points. Volcano plots showing DEGs under rllS conditions
compared with the wild type in shared gonads (left and middle panels) and non-gonadal samples (right panels). Each condition represents three biologi-
cal replicates (n=3), with each replicate consisting of 20 gonads pooled as 4 tubes of 5 gonads each (for gonad samples) or whole-worm samples of the
same age. Upregulated genes are indicated as activated (mustard color), downregulated genes as repressed (blue color), and unchanged genes in gray.
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systemic adaptation despite reproductive decline (Fig. 2,
right panel).

We highlighted the top five genes in each category
with fold changes<5 and p<0.05 in both the upregu-
lated and downregulated groups. Further, to experimen-
tally validate the transcriptomic trends, we selected ten
highly expressed and consistently upregulated or down-
regulated gonadal genes that were common across all
time points for qRT-PCR validation. The expression lev-
els were assessed across Day 1 and Day 10 using three
independent biological replicates. All selected genes
showed consistent expression patterns with the RNA-seq
data, confirming the reliability of transcriptomic trends
observed under reduced insulin/IGF-1 signaling (rIIS)
conditions (Figure S1B & C).

Self-organizing map (SOM) and hierarchical clustering
identifies distinct temporal module reorganization in
gonads under rlIS

Self-organizing map (SOM) analysis was used to visualize
and compare temporal gene expression patterns between
tissues and strains. In these maps, each hexagon repre-
sents a group of genes with similar trajectories, and color
intensity reflects the direction and magnitude of expres-
sion change across time. This approach allows rapid iden-
tification of coordinated transcriptional programs and
their temporal shifts under rIIS. In the gonadal compart-
ment, the daf-2 SOM shows a pronounced temporal re-
mapping of expression modules compared with N2. At
Day 0, daf-2 ShGn maps are dominated by contiguous
red—orange sectors (strong down-regulation relative to
the mean) in the lower half, transitioning to blue sectors
(up-regulated) at the top—almost the inverse of the N2
pattern, where early blue dominance is localized to mid-
to lower-grid neurons and red patches are more confined.
By Day 2, daf-2 exhibits a dramatic inversion, with exten-
sive blue enrichment in the upper-left module cluster and
concentrated red modules at the periphery, suggesting an
early, coordinated activation of a large gene set not seen
in N2 (Fig. 3A, first two top vs. bottom panels). At Day
6, daf-2 maintains strong red dominance in central/lower
neurons and corresponding blue activation in flanking
modules, whereas N2 at this stage shows a more frag-
mented pattern with alternating red/blue islands. By Day
10, daf-2 transitions into a broad blue-dominated lower
region and upper red sectors, indicating a late-phase
reactivation pattern that is both more spatially coherent
and more extensive than in N2, which shows a mixed,
less defined late-stage pattern (Fig. 3A, last two top vs.
bottom panels). Overall, daf-2 ShGn modules exhibit
larger, more cohesive color blocks and clear temporal
shifts, indicating well-coordinated transcriptional pro-
grams under rlIS.
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In non-gonadal tissues, daf-2 maps (Day 0 and Day 10)
reveal smaller shifts in the spatial distribution of expres-
sion modules compared with ShGn. At Day 0, the daf-
2 map shows a concentrated red—orange sector in the
mid-left region flanked by large light-blue fields, a con-
figuration retained—albeit inverted in polarity—at Day
10, where upper/mid neurons turn dark blue and lower
sectors shift toward yellow—orange. This indicates two-
state switching in a subset of modules without extensive
recruitment of new neuron groups (Fig. 3B, lower panels).
In contrast, N2 NoGn maps retain a striped, S-shaped
red/blue pattern from Day 0 to Day 10, suggesting a
more stable, modular architecture with gradual polar-
ity changes rather than wholesale remapping (Fig. 3B,
top panels). Compared with ShGn, both genotypes show
less dramatic temporal reorganization in NoGn, consis-
tent with modest transcriptional responsiveness in non-
gonadal tissues under rIIS.

Next, we performed correlation-based hierarchical
clustering of expression trajectories that uncovered strik-
ing differences between shared-gonadal (ShGn) and non-
gonadal (NoGn) tissues under reduced insulin/IGF-1
signaling (daf-2) compared with wild type (N2). In daf-
2, six significant distinct ShGn clusters were identified,
each characterized by highly coherent temporal profiles.
Two major upregulated clusters were identified in daf-2
gonads (CS3, n=330; CS4, n=234). CS3 was exempli-
fied by the top five genes hil-1, timp-1, clx-1, dpy-31, and
clec-83, spanning chromatin organization, extracellular
matrix remodeling, and innate immunity. CS4 showed a
sharp induction at Day 2 followed by stabilization, with
top representatives cdr-2, fbxc-43, fbxa-98, osm-3, and
unc-38, linked to developmental transcriptional regula-
tion, protein turnover, ciliary transport, and synaptic sig-
naling. Together, these clusters indicate that reduced IIS
promotes sustained activation of structural, immune, and
neuronal pathways in the gonad (Fig. 3C, lower panels).
Two major downregulated clusters (CS1, CS2) showed
an immediate decrease from Day 0 to Day 2, followed by
partial recovery or sustained repression toward Day 10
(Figure S2B). Smaller clusters (CS5, CS6) exhibited sta-
ble high expression or transient Day 2 peaks, indicating
specialized temporal programs (Figure S2B). In contrast,
N2 ShGn displayed a distinct pattern. The largest cluster
(CS1) showed moderate early downregulation followed
by stabilization and was represented by far-8, cpr-1, ttr-
46, col-17, and cpg-7, encompassing lipid metabolism,
proteolysis, and extracellular matrix components. CS2
was characterized by pmp-5, atf-5, elo-5, col-81, and
mlc-3, spanning lipid metabolism, stress-responsive
transcription, collagen, and contractile machinery. The
consistent decline of these genes highlights a progres-
sive loss of metabolic and structural capacity in wild-type
gonads (Fig. 3C, upper panels), (Fig. 3C, upper panels).
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The upregulated clusters (CS4, CS6) exhibited lower
amplitude changes and more gradual trends. The smaller
clusters (CS3, CS5) showed either sustained or gradual
decrease expression (Figure S2A). The strong early induc-
tion observed in daf-2 CS4 was absent in N2, highlight-
ing an rlIS-specific activation program in the gonadal
compartment.

Non-gonadal trajectories resolved into four -clus-
ters with modest expression changes and relatively flat
temporal profiles were observed under rlIIS (daf-2),
compared to ShGn. In daf-2, the largest cluster (CS4,
n=1570) showed a slight decline, particularly enriched
in dmsr-16, lact-7, npr-18, sdz-6, and nkb-2, comprising

neuropeptide receptors, antimicrobial peptides, and
stress-response factors. Other clusters CS1 (n=3879) and
CS2 (n=351) showed sustained increase in expression
and the CS4 (n =487) with decline with age (Figure S2D).
By contrast, in N2, the largest cluster (CS2, n=1116) was
represented by daf-37, aat-8, abf-6, ace-3, and acn-1,
spanning sensory GPCRs, metabolic transporters, anti-
microbial peptides, and synaptic regulators. This cluster
showed modest induction, reflecting a mixed but less
coordinated transcriptional response compared to daf-2
(Fig. 3D, upper vs. lower panels). Similarly, CS1 (n=792)
exhibited a gradual rise; however, both CS1 and CS2 dis-
played only modest expression levels relative to the high
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expression levels seen in daf-2 (Clusters mean lines).
The remaining clusters, CS3 (1=501) and CS4 (n=865),
showed gradual age-associated declines (Figure S2C).

Regulatory divergence in gonadal gene expression

To enhance the robustness of our analysis, we applied a
more stringent selection threshold of log, fold change
(FC)=1.5, generating nonredundant gene lists for each
tissue type. This yielded 710 upregulated and 689 down-
regulated genes in the ShGn group, and 2,255 upregu-
lated and 293 downregulated genes in the NoGn group
(Figure S3A, B). We then evaluated the temporal persis-
tence of transcriptional regulation by comparing acti-
vated and repressed gene sets across four gonadal and
two non-gonadal time points under reduced insulin/
IGF-1 signaling (rIIS). In gonadal tissue, the overlap
between activated and repressed genes was not statisti-
cally significant (RF=1.3, p=0.08), indicating that genes
differentially expressed at earlier stages generally main-
tained their direction of regulation throughout the lifes-
pan compared to wild-type. In contrast, non-gonadal
tissue showed a significant negative enrichment (RF =
-3.58, p=4.5x107) for this overlap, indicating an under-
representation of directional switching (Figure S3A, B).
Collectively, these findings suggest that transcriptional
programs under rIIS are directionally stable over time,
with minimal reversal between activation and repression
states.

To determine whether the gonadal environment is
more diverse than the rest of the organism, we conducted
gene network analyses. Our findings indicate that the
reduced insulin/IGF-1 signaling (rIIS) gonadal niche is
highly complex and diverse, integrating multiple path-
ways that regulate the metabolism of various metabolites
alongside numerous signaling pathways (Fig. 4).

Our data reveal a significant number of genes associ-
ated with metabolic pathways enriched in gonads that
corroborate previous findings on longevity enhancement,
with major upregulation in pathways related to unsatu-
rated fatty acid biosynthesis [44—46], peroxisomes [47],
lysosomes [48] and autophagy [49]. As anticipated, genes
associated with FoxO signaling and longevity regulation
are upregulated in the gonads. Interestingly, major sig-
naling pathways, including the TGF-B, mTOR, MAPK,
Hippo, Notch, Wnt, and ErbB signaling pathways, are
predominantly downregulated. Furthermore, pathways
related to endocytosis, axon regeneration, and oxidative
phosphorylation were also downregulated. This finding
indicates a complex interplay between insulin signaling
and various pathways that govern growth, metabolism,
and cellular health in the gonads, potentially influencing
reproductive outcomes and overall organismal vitality. At
the organismal level, we observed that most metabolic
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pathways were upregulated, like those in the gonads,
whereas some signaling pathways, such as ErbB and Wnt,
were also upregulated, in contrast with the gonadal find-
ings. Moreover, gonad complexity was not evident at the
whole-worm level (Fig. 5A). Quantitative assessment
of network complexity revealed that the shared gonad
(ShGn) network comprised 216 nodes, 360 edges, and
48 enriched pathways, whereas the non-gonadal (NoGn)
network contained 128 nodes, 255 edges, and 31 path-
ways, indicating a higher degree of connectivity and
functional diversity in the ShGn network (Figure S4A).

Next, we investigated whether the regulation of these
genes differed between the ShGn and NoGn groups.
Transcription factor enrichment analysis was then con-
ducted via the AnnoMiner tool, which evaluates pro-
moter regions for each transcription factor (TF) on the
basis of binding density, considering 1,000 bp upstream
and 50 bp downstream from the transcription start site
(TSS). Gonadal genes presented significantly higher
enrichment scores for specific transcription factors (TFs)
than did the entire worm-exclusive gene set (NoGn),
indicating tighter regulatory control. Many of the upreg-
ulated and downregulated genes in the gonads were reg-
ulated by distinct TFs, whereas the same TFs primarily
governed the most differentially expressed genes within
the NoGn group. These findings suggest a complex reg-
ulatory network tailored to reproductive needs in the
gonads. Furthermore, the presence of additional TFs
regulating gonadal genes that are not enriched in the
NoGn group points to specialized mechanisms crucial
for reproductive success (Fig. 5B).

GO enrichment highlights distinct gonadal and non-
gonadal gene programs under rlIS

GO enrichment analysis revealed distinct and tissue-spe-
cific biological processes associated with activated and
repressed genes under reduced insulin/IGF-1 signaling
(rIIS). In gonadal tissue (ShGn), activated genes (Fig. 6A)
were enriched for immune-related and developmental
processes, including innate immune response, defense
response to Gram-positive bacterium, cell death, and
anatomical structure development. These were comple-
mented by strong enrichment for structural and extracel-
lular components such as collagen trimer and structural
constituent of cuticle, as well as catalytic activities like
aspartic-type and cysteine-type endopeptidase activity.
In contrast, repressed genes (Fig. 6B) were predominantly
associated with transcriptional regulation (regulation of
transcription, DNA-templated; sequence-specific DNA
binding), developmental processes (nematode larval
development; cell differentiation), and nuclear/chroma-
tin-related components (nucleosome, nucleus), indicat-
ing downregulation of transcriptional and developmental
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programs. In non-gonadal tissue (NoGn), activated genes
(Fig. 6C) were enriched for xenobiotic and metabolic
processes (xenobiotic metabolic process, organic acid
metabolic process, steroid hydroxylase activity), immune
functions (innate immune response), and extracellular
or membrane-associated terms (pseudopodium, extra-
cellular region, integral component of membrane). Key
molecular functions included heme binding, monooxy-
genase activity, and oxidoreductase activity. Repressed
genes (Fig. 6D) showed enrichment for developmental
(embryo development, cell fate specification), immune
(innate immune response, defense response to Gram-
positive bacterium), and lipid transport regulation

processes (negative regulation of fatty acid transport),
as well as membrane-associated and catalytic functions
such as membrane raft, UDP-glycosyltransferase activity,
and glucuronosyltransferase activity. Collectively, these
findings indicate that rIIS elicits strong, tissue-specific
transcriptional programs: gonadal activation centers
on structural and reproductive functions, whereas non-
gonadal activation is biased toward metabolic adapta-
tion and xenobiotic clearance. Repression patterns reflect
selective suppression of transcriptional, developmental,
and certain metabolic pathways, underscoring a coordi-
nated, tissue-tailored reprogramming of gene expression
under rlIS.
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Cross-study validation and human ortholog mapping of
differentially expressed genes under rlIS

To benchmark our dataset, we compared the IIS-depen-
dent ShGn- and NoGn-enriched transcripts with previ-
ously published germline and gonadal profiles (Ortiz
et al. 2014; Lee et al. 2017; Mei Han et al. 2019). For
the ShGn-enriched set, we identified 710 upregulated
and 689 downregulated genes. Among the upregulated
genes, 381/710 (53.7%) overlapped only with Ortiz et al.
(2014), 164/710 (23.1%) were unique to this study, and
165/710 (23.2%) overlapped with either Mei Han 2019 or
Lee 2017 (Fig. 7A). For the downregulated set, 135/689
(19.6%) overlapped only with Ortiz, 101/689 (14.7%) were
unique, and the majority (453/689; 65.7%) overlapped
with Mei Han and/or Lee (Fig. 7B). These results indicate
that ShGn expression substantially refines earlier gonadal
datasets while also contributing a distinct IIS- and

age-dependent gene set (~15-23%) unique to our study.
By contrast, in the NoGn fraction, we identified 2,255
upregulated and 293 downregulated genes. The major-
ity (1,690/2,255; 74.9% upregulated and 182/293; 62.1%
downregulated) did not overlap with any previously
reported gonadal/germline datasets (Figure S4B and C).
This pattern is consistent with the design of the NoGn
dataset, which was derived after excluding gonad-specific
transcripts, and therefore expectedly shows little overlap
with germline-focused resources. This observation vali-
dates the accuracy of our tissue-partitioning strategy and
underscores that the NoGn set reflects somatic transcrip-
tional programs largely absent from gonadal datasets.
Together, these analyses demonstrate that ShGn captures
both conserved and IIS-dependent gonadal signals, while
the NoGn dataset provides a clean separation of somatic
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expression, thereby offering complementary insights into
tissue-specific aging trajectories.

We next examined the evolutionary conservation
of these IIS-regulated gene sets across nine orthology
databases. A clear distinction was observed between
gonadal (ShGn) and non-gonadal (NoGn) IIS-regulated
genes in terms of evolutionary conservation. Across all
nine orthology databases, ShGn transcripts displayed
consistently higher levels of conservation compared to
NoGn transcripts. Within the gonadal fraction, 20-25%
of activated genes and 31-35% of repressed genes
could be assigned human orthologs, indicating that
nearly one-third of IIS-repressed gonadal genes repre-
sent deeply conserved modules. In contrast, conserva-
tion within the non-gonadal fraction was substantially
lower, with only 10-17% of activated genes and 8-20%
of repressed genes showing orthology (Fig. 7C). This
pattern was robust across databases, with ShGn consis-
tently exceeding NoGn by 8-15% points for activated
genes and by 12-15% points for repressed genes. These
differences highlight a strong tissue-specific hierarchy

of conservation within IIS transcriptional programs.
The gonadal fraction is enriched for evolutionarily con-
strained transcripts that likely underpin fundamental
reproductive processes. By contrast, the non-gonadal
fraction, although transcriptionally responsive to IIS, is
composed of genes with markedly lower conservation,
consistent with a more variable, lineage-flexible program.

Discussion

Genetic mutations in several signaling pathways that
regulate longevity have been implicated in delaying
reproductive aging; however, these mutations are often
accompanied by a significant reduction in total progeny
production [8, 13, 14, 50]. Previous studies, together with
our data, have demonstrated that insulin/IGF-1 signaling
(IIS) mutants exhibit a distinct phenotype characterized
by an extended reproductive period with a nearly wild-
type brood size under permissive temperature conditions
[13, 51, 52]. Moreover, early progeny production has been
shown to neither accelerate nor delay the duration of the
reproductive period, suggesting that early fecundity is
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not a direct determinant of reproductive longevity [13].
Based on these findings, we focused our investigation on
the IIS pathway as a key modulator of reproductive aging.

To understand how gonads differ in function compared
with the rest of the organism, it is essential to investi-
gate conditions where gonads are absent but the rest of
the organism remains intact. However, the inhibition of
early gonadal development induces alterations in other
organs, which are attributable to the interorgan commu-
nication network (ICN), in which organs release factors
that influence the physiology of cells in distant tissues
[33]. Consequently, mutant worms lacking gonads during
development may exhibit pleiotropic effects or compen-
satory mechanisms that complicate the identification of
true gene expression in their native state. Additionally,
these mutants have genetic backgrounds or physiologi-
cal changes unrelated to gonadal development, poten-
tially introducing artifacts into the analysis. Therefore,
to capture the native expression of genes, we examined
both dissected gonads and whole worms (which included
intact gonads). Furthermore, to prevent contamination

from sperm and developing embryos, gonads were dis-
sected above the spermatheca.

To guide interpretation, we provide an overview of
our study design and analytical framework (Fig. 8). Our
approach combined precise gonadal dissections with
whole-worm profiling, followed by RNA-seq and a tiered
analysis strategy. Primary analyses ensured data qual-
ity through read trimming, filtering, alignment, and
mapping. Secondary analyses normalized expression,
assessed sample correlations, and identified differentially
expressed genes. Tertiary systems-level analyses—includ-
ing SOM profiling, clustering, network construction,
functional enrichment, and conservation mapping—
revealed stage-specific remodeling and evolutionary
constraints. This framework provides a structured lens
through which to interpret how rlIIS reshapes gonadal
transcriptional programs and links reproductive aging to
systemic longevity.

Using this approach, our study uncovered several key
insights. Our analysis reveals that the gonadal transcrip-
tional program under rIIS is both temporally dynamic
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and highly regulated, contrasting with the broader sys-
temic responses observed at the whole-organism level.
The gonad exhibited minimal differential expression at
the young adult stage, reflecting a period of transcrip-
tional stability as reproductive maturity is established.
However, by Day 2—the peak of fertility—there was a dra-
matic remodeling of the transcriptome, marked by exten-
sive activation and repression of shared gonadal (ShGn)
genes. This surge likely reflects heightened transcrip-
tional demands for gamete production and reproductive
signaling, consistent with prior reports that reproductive
peak coincides with activation of biosynthetic and meta-
bolic pathways critical for fertility. Interestingly, by Day
6, when reproductive decline begins, the overall number
of differentially expressed genes was reduced, accom-
panied by a reversal in the earlier activation trend. This

suggests a shift in gonadal priorities away from repro-
duction toward resource reallocation, potentially buffer-
ing somatic maintenance as fertility wanes. By Day 10,
however, transcriptional activity rebounded, with large
numbers of genes once again differentially expressed
(Fig. 2). Such late-life reactivation may represent com-
pensatory transcriptional programs attempting to sustain
residual reproductive capacity despite declining fecun-
dity. In contrast, non-gonadal (NoGn) datasets revealed
a markedly different pattern: systemic transcription was
dominated by widespread gene upregulation both at Day
0 and Day 10, reflecting strong growth and metabolic
activity early in life and persistent organismal mainte-
nance later. This disparity underscores a key divergence
between gonadal and somatic transcriptional strategies:
while systemic tissues maintain activation programs that
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support overall organismal survival, the gonad engages in
sharp, stage-dependent switches, with periods of strong
activation followed by repression and compensatory
rebound. Notably, the predominance of repressed genes
in gonads compared with systemic upregulation suggests
that reproductive tissues may be more sensitive to age-
associated transcriptional decline, even under protective
rIIS conditions. The early and coordinated remodeling of
daf-2 gonads by Day 2 (Fig. 2) suggests that the IIS path-
way establishes transcriptional control well before overt
phenotypic differences in reproductive output arise. This
observation aligns with prior reports that daf-2 mutants
show precocious activation of stress-response and main-
tenance pathways [14, 23, 51, 53, 54]. However, our data
extend these findings by showing that such responses
are highly tissue-specific and the gonad displayed sharp,
coordinated transitions. This distinction underscores
the importance of tissue-resolved analyses, as averag-
ing across whole animals can obscure critical regulatory
events.

The SOM analysis reveals that rIIS elicits an early and
highly coordinated transcriptional reprogramming in the
gonad, in contrast to the gradual and fragmented adjust-
ments in wild type (Fig. 3A). Such sharp transitions at
earlier stages suggest that IIS acts as a timing mechanism,
rapidly establishing transcriptional states that persist
across reproductive life. This spatial coherence of expres-
sion modules in daf-2 gonads indicates that IIS does not
simply modulate individual genes but orchestrates broad
gene networks, consistent with models of IIS downstream
TFs acts as a master regulators of chromatin and tran-
scriptional architecture [55]. In contrast, non-gonadal
tissues exhibited only modest module switching under
rlIS, underscoring that the reproductive system func-
tions as a signaling hub for aging, consistent with studies
showing that somatic gonadal tissues regulate systemic
lifespan through steroid signaling and that germline sig-
nals modulate peripheral DAF-16 activity [56, 57]. These
findings indicate that rIIS induces early, coordinated
transcriptional remodeling in the gonad, underscoring
its sensitivity to IIS and contribution to reproductive
longevity. It also appears to represent a complementary,
tissue-specific adaptation linking reproductive function
with aging. Moreover, the temporal trajectories under
rIIS are distinct, coherent, and directionally stable, indi-
cating that rIIS establishes persistent regulatory states in
the gonad. Chromatin-mediated control appears central
to this process too, as reductions in H3K9mel/2 meth-
ylation enhance DAF-16 activity and extend lifespan in
daf-2 mutants [58], while other chromatin modifiers
H3K27regulate longevity through changes in accessibility
and transcriptional output [59]. The SWI/SNF complex
has similarly been shown to be modulated by DAF-16
transcription factor, linking chromatin remodeling to
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sustained IIS-dependent effects [55]. Consistent with
these findings, we identified several chromatin modulat-
ing genes (e.g., hil-1, hil-3, his-37, mef-2) within strongly
regulated clusters (Fig. 3C, S2B), suggesting that rIIS pro-
motes reproductive longevity in part through chromatin-
level regulation in the gonad.

Pathway-level analyses displayed strong upregulation
of maintenance-related pathways—including unsatu-
rated fatty acid biosynthesis, peroxisomes, lysosomes,
and autophagy [48, 60—62]—accompanied by coordi-
nated repression of major growth and developmental
cascades such as TGF-B, MAPK, mTOR, and Notch sig-
naling in rIIS gonads. This is consistent with previous
work showing that DAF-16 modulates TGF-B/BMP and
mTORC1 pathways to control germline proliferation
[63], and that components of MAPK and mTOR path-
ways exhibit dynamic age-dependent regulation [64].
Additionally, DBL-1/BMP signaling is known to influence
reproductive aging, with inactivation extending repro-
ductive span independently of IIS [65]. This transcrip-
tional reprogramming suggests that the gonad actively
shifts resources from growth and developmental plastic-
ity toward metabolic maintenance and repair, consistent
with models linking reproductive tissues to the systemic
regulation of aging. By contrast, at the whole-organism
level, metabolic upregulation was evident but signaling
repression was less pronounced, with certain cascades
(e.g., Wnt, ErbB) remaining activated (Figs. 5 and 5A and
A). Thus, the gonadal transcriptional landscape appears
more specialized, integrating metabolic resilience with a
deliberate dampening of proliferative signals—features
that may underlie its unique sensitivity to IIS. Tran-
scription factor (TF) enrichment analyses provided fur-
ther evidence for gonad-specific regulatory complexity.
Gonadal genes were governed by a broader and more
diverse set of TFs compared with non-gonadal genes,
suggesting tighter and more modular control of expres-
sion programs. Interestingly, while the most differentially
expressed NoGn genes were regulated by a relatively
narrow set of TFs, the gonadal repertoire included addi-
tional regulators, pointing to specialized transcriptional
mechanisms tuned to reproductive function (Fig. 5B).
This aligns with the idea that reproductive tissues require
finely tuned gene networks to balance gamete produc-
tion, resource allocation, and stress resilience.

Comparison with previous gonadal datasets high-
lights both shared and novel features. More than half of
our ShGn-enriched transcripts overlapped with Ortiz
et al. (2014), validating the robustness of our approach.
However, ~23% of upregulated and ~15% of down-
regulated genes were unique to this study, reflecting
the added dimensions of IIS perturbation and temporal
sampling. These unique transcripts may represent IIS-
and age-dependent programs that were not captured in
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prior datasets. By contrast, the non-gonadal (NoGn) set
showed minimal overlap with gonad-derived resources,
as expected, confirming the success of our tissue-par-
titioning design. Finally, comparative ortholog analy-
ses demonstrated that IIS-regulated gonadal genes are
more evolutionarily conserved than their non-gonadal
counterparts, highlighting a conserved regulatory core
of reproductive aging. This suggests that reproductive
aging under IIS control mobilizes gene networks that
are evolutionarily constrained, possibly reflecting the
central importance of gonadal integrity for species sur-
vival. Together, these results advance our understanding
of how IIS shapes reproductive longevity. By resolving
gonadal versus organismal responses across adulthood,
we show that the gonad is both the primary site and a
conserved nexus of IIS-dependent transcriptional regula-
tion. These insights integrate reproductive aging into the
broader framework of IIS biology, providing candidate
gene sets and conserved modules for future functional
investigation.

Conclusion

Our study provides a comprehensive, tissue-resolved
view of how reduced insulin/IGF-1 signaling (rIIS)
shapes reproductive aging in C. elegans. By combining
temporally sampled dissected gonads with whole-worm
profiles, we demonstrate that the gonad mounts an early,
coordinated, and directionally stable transcriptional
response to rlIS, in sharp contrast to the broader but less
coherent systemic programs. Gonadal remodeling was
most pronounced at the reproductive peak, with rIIS
activating metabolic maintenance pathways and repress-
ing growth-related signaling cascades, accompanied by
enrichment of chromatin regulators that likely enforce
long-term transcriptional states. These findings highlight
the gonad’s unique regulatory complexity, with broader
transcription factor control and evolutionary conserva-
tion compared to non-gonadal tissues, underscoring its
specialized role in linking reproduction to aging. Com-
parison with prior datasets validated established modules
while uncovering distinct IIS- and age-dependent gene
sets, offering new candidates for functional dissection.
Together, our results position the gonad as a conserved
and highly sensitive tissue target of IIS, where transcrip-
tional reprogramming integrates reproductive function
with organismal longevity.
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