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Mitochondrial dynamics govern whole-body
regeneration through stem cell pluripotency
and mitonuclear balance
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Tissue regeneration is a complex process involving large changes in cell pro-
liferation, fate determination, and differentiation. Mitochondrial dynamics
and metabolism play a crucial role in development and wound repair, but their
function in large-scale regeneration remains poorly understood. Planarians
offer an excellent model to investigate this process due to their remarkable
regenerative abilities. In this study, we examine mitochondrial dynamics dur-
ing planarian regeneration. We find that knockdown of the mitochondrial
fusion gene, opal, impairs both tissue regeneration and stem cell pluripotency.
Interestingly, the regeneration defects caused by opal knockdown are rescued
by simultaneous knockdown of the mitochondrial fission gene, drp1, which
partially restores mitochondrial dynamics. Furthermore, we discover that
Mito'* stem cells exhibit an enrichment of pluripotency due to their fate
choices at earlier stages. Transcriptomic analysis reveals the delicate mito-
nuclear balance in metabolism and mitochondrial proteins in regeneration,
controlled by mitochondrial dynamics. These findings highlight the impor-
tance of maintaining mitochondrial dynamics in large-scale tissue regenera-
tion and suggest the potential for manipulating these dynamics to enhance
stem cell functionality and regenerative processes.

Functional regeneration is critical for maintaining organ health and conserved to govern the regeneration, the metabolism programs
facilitating a healthy lifespan. The process of regeneration, which  remain largely unknown.

requires the precise coordination of cell fate decisions with posi- Mitochondria have been realized as crucial signaling centers in
tional information, is highly conserved across different organisms'™*.  cell reprogramming and lineage commitment, and they may play a
While several signaling have been identified as evolutionally pivotal role in organ health, aging, and degenerative diseases’.
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Mitochondrial dynamics, including their fusion, fission, selective
degradation, transport, and associated metabolism, are critical for
stem cell fate, development, and cellular repair’ >, Specifically, in
the case of Caenorhabditis elegans, changes in mitochondrial dynamics
are key to epidermal cell membrane wound healing®. Similarly, in
axolotls (Ambystoma mexicanum), a population of cells enriched with
mitochondria was identified during limb regeneration”**, These find-
ings collectively point toward the role of mitochondria underlying
tissue regeneration. However, the mechanistic contributions of mito-
chondrial dynamics to large-scale tissue regeneration, including body
regeneration, remain largely unknown®.

Investigating highly regenerative animals provides valuable
insights into the mechanisms of regeneration. The planarian flatworm
is an ideal research organism for tissue regeneration studies, including
at the whole-body scale’* ., The regenerative process is primarily
credited to adult stem cells, known as neoblasts, in this flatworm®>.,
These neoblasts exhibit regenerative and quasi-immortal attributes
and are thus key reservoirs of body regeneration***®, It remained
unclear whether and how the metabolism mechanism controls the
fitness of these adult stem cells to coordinate the cell fate plasticity and
respond to unpredicted injuries. Previous studies have crucially noted
a bimodal distribution of low and high mitochondrial membrane
potential (MMP) within these neoblasts; the resulting cell groups were
named Mito™ and Mito"" cells’*. This suggests a correlation
between the regulation of cell fate and mitochondrial phenotypes in
this flatworm. However, it remained unknown whether the influence of
any mitochondrial dynamics can help study this connection between
mitochondrial dynamics and body regeneration in planarians.

To address this gap, we used the planarian Schmidtea mediterra-
nea (S. med.) as a model organism to examine the role of mitochondrial
dynamics, particularly mitochondrial fusion and fission in body
regeneration. We first showed the mitochondrial dynamics during
planarian regeneration and in different cell types. Particularly, Mito™
cells that retain pluripotency contain tubular mitochondria, and
Mito"®" cells have granular mitochondria. Regulation of the mito-
chondrial fusion-fission equilibrium by opal and drp1 plays a critical
role in controlling planarian regeneration and cell pluripotency. This
process is crucial for mitochondrial metabolism and mitonuclear bal-
ance, thereby regulating the expression of mitochondrial protein-
encoding genes essential for planarian regeneration and the fitness of
neoblasts in response to injuries. Considering the evolutionary sig-
nificance of planarians as highly regenerative animals, this study
highlights potential conserved mitochondrial functions retained early
for stem cell pluripotency and tissue regeneration. Understanding this
mechanism could potentially yield strategies to enhance regenerative
capacity in various organisms, including humans.

Results

Mitochondria dynamics in planarian regeneration and various
cell populations

Previous studies have used vital dye combination, including SiR-DNA
for DNA content, CellTracker Green (CTG) for cell volume, and Mito
Tracker/PK Mito for MMP, to enrich Mito™ cells from planarian
neoblasts®*>°. To comprehensively compare the mitochondrial
dynamics in various cell populations, we employed the same strategy
to distinguish five cell populations based on cell cycle and mitochon-
drial states from wild-type planarians. Based on DNA contents, 2N and
4N cells were grouped (Fig. 1A). 4N cells were divided into two groups
based on their CTG staining intensity as 4N CTG" and 4N CTG"'"
(Fig. 1B)*. Within 4N CTG"e" cells, 4N CTG"&"Mito'™" (Mito'®*) and 4N
CTG"e"Mito"e" (Mito"e") cells were isolated based on the level of MMP
(Fig. 1C). To facilitate reproducibility, we displayed a summary of
sequential plots illustrating the gating strategy for Mito'" and Mito"s"
cells (Fig. SIA). To validate the Mito* and Mito"e" cells from planarian

neoblasts, we performed FACS analysis by comparing the wild type
with irradiated planarians (100 Gy). The results showed that Mito'"
and Mito"e" cells from SiRNeoblasts are irradiation-sensitive (Fig. SIB).
We also compared the cell cycle distribution of Mito™ and Mito"e"
cells with that of the nucleated cells sorted after Hoechst 33342
staining. Mito'", Mito"", and nucleated cells were immediately fixed
after sorting and stained with DAPI for cell cycle analysis. Both Mito'"
and Mito"e" cells displayed enrichment in the S/G2/M phase (Fig. S1C).
We further analyzed the ratio of Mito'" and Mito™e" cells in both
X1 cells and SiRNeoblasts and found that X1 and SiRNeoblasts have
similar proportions of Mito®" and Mito"" cells (Fig. SID). These results
suggest that Mito'® and Mito"e" cells are similarly proliferating cells at
S/G2/M cell cycle stages.

To validate the enrichment of pluripotency in Mito'" cells in our
study, we used the pan-neoblast marker piwi-1 to examine the piwi-1
and piwi-I"®" cells within the five cell populations. A comparison
among these populations showed that Mito™" cells contained the
highest ratio of piwi-1" cells (Fig. SIE, F) and enriched the highest
proportion of piwi-I"&" neoblasts than the other cell populations as
well as controls of Mito™ cells stained with piwi-I sense probe or
reagents without probes (Fig. 1D). We thereafter performed a trans-
plantation assay to compare the pluripotency of Mito"" cells to Mito"e"
cells. Following bulk-cell transplantation into neoblast-depleted pla-
narian hosts, Mito'" cells proliferated more successfully than Mito"s"
cells, forming colonies with an efficiency rate of 91% (n =32). This rate
surpassed that of the Mito"e" cells, which had a 4% efficiency rate
(n=25) (Fig. 1E). Additionally, only Mito"" cells rescued the viability of
stem cell-depleted hosts that were irradiated with 60 Gy (Fig. 1F).
Hence, these findings validated the pluripotency of Mito"" cells.

To explore the mitochondrial morphological dynamics in pla-
narians, we examined whether mitochondria exhibit different
morphologies in Mito', Mito"s", CTG", and 2N cells. Leveraging the
capacity of Hessian structured illumination microscopy (SIM), we
directly observed the mitochondria in Mito"", Mito"s", CTG'", and 2N
cells. Our analysis revealed that Mito"" cells housed elongated, tubular
mitochondria, whereas Mito"" cells contained short, globular mito-
chondria (Fig. 1G). Quantitative analysis indicated a significant increase
in mitochondrial size, total length, branch length, and ratio of length/
branch of mitochondria from the Mito'" cells compared with the
Mito"e" cells, consistent with the results of Hessian SIM (Fig. 1H-K).
Mitochondrial morphology undergoes changes throughout the cell
cycle. To further assess whether Mito®" and Mito"s" cells originate
from similar cell cycles, we compared X1 cells from the S phase and G2/
M phase with X2 and Xins cells. Our results revealed no obvious dif-
ference between cells in the S phase and G2/M phases, unlike those in
X2 and Xins populations (Fig. S2A-E). This supports the aforemen-
tioned results of the cell cycle analysis, indicating that Mito' and
Mito"e" cells are in similar cell cycle stages. Additionally, we isolated
Mito'™ and Mito"" cells from X1 to compare their mitochondrial
morphology. We found similar mitochondrial morphology differences
as we observed in the Mito" and Mito"" cells from SiRNeoblasts
(Fig. S2F-)). By performing staining with MitoTracker Orange to mea-
sure the MMP, MitoTracker Green to measure the mitochondrial mass,
and MitoSOX to measure reactive oxygen species (ROS) levels, we
confirmed that Mito'" and Mito"" cells exhibited lower and higher
MMP (Fig. S2K), mitochondrial mass (Fig. S2L), and ROS levels
(Fig. S2M), respectively.

We then examined the dynamics of the Mito' and Mito™e" cell
ratio during regeneration. Quantitative analysis of FACS data showed
that the Mito™ cell ratio increased to its peak at 12 hours post-
amputation (hpa), while the Mito"e" cell ratio decreased initially and
then increased after 12 hpa, reaching its peak at 3 days post-
amputation (dpa) (Fig. 1L, M). During planarian regeneration, neo-
blasts respond to injury by undergoing hyperproliferation, resulting in
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Fig. 1| Mitochondrial dynamics during planarian regeneration and in different
cell types. A Density plot of FACS gating based on DNA content to isolate SiR-DNA
4N (red circle) and SiR-DNA 2N (yellow circle) cells. B Pseudocolor dot plot shows
the CTG"®" (red circle, SiRNeoblasts) and CTG'" (left of the blue dot line) cell
populations among SiR-DNA 4N cells. C Pseudocolor dot plot of the gating strategy
for two cell populations from CTG"e" with different PK Mito Red intensity, named
Mito'" and Mito"e". D Peaks in piwi-1 intensity for the enrichment of piwi-1"¢", piwi-
1%, and piwi-I' in each indicated cell population as determined via FACS analysis.
E Colorimetric WISH images show the piwi-1 probe staining in 60 Gy-irradiated
hosts at 7 days post-transplantation with Mito'" or Mito"e" cells. The numbers
indicate the ratio of hosts harboring piwi-I* neoblasts. Scale bar, 500 pm. F Rescue
efficiency of Mito™ or Mito"e" cells transplanted into lethally irradiated hosts. The
upper right images show a rescued animal at the indicated time points. n =10 hosts

in each of three independent experiments. Scale bar, 500 pm. G Representative
Hessian-SIM images of mitochondria in Mito'™ (n=33), Mito"" (n =32), CTG""
(n=39), and 2N (n = 48) cells. Scale bars, 1 um. H-K Dot plots of mitochondrial size
(H), total length (I), branch length (J), and length/branch ratio (K). The quantifi-
cation is shown as mean + SEM. The unpaired two-tailed Student’s -test was used to
determine the significance of differences between two conditions. L Pseudocolor
dot plots show Mito®* and Mito"e" cells with their percentages from regenerating
planarians, including O hpa, 1 hpa, 6 hpa, 12 hpa, 1dpa, 2 dpa, 3 dpa, 5dpa, and

7 dpa. The quantification is shown as mean + SEM. M Line plot shows the changes in
the ratio of Mito™ and Mito"e" cells from wide-type regenerating planarians. The
quantification is shown as mean + SEM. n = 6 for O hpa and 4 for other time points.
P-values were calculated by two-way ANOVA followed by Dunnett’s multiple
comparisons.

two peaks at 6 and 48 hpa, respectively®. The peak ratios of Mito'®* and
Mito"e" cells at 12 hpa and 3 dpa, respectively, may be the consequence
of the substantial proliferation and differentiation of neoblasts. These
observations prompted us to hypothesize that these variations in
mitochondrial morphology might be related to changes in planarian
cell fate status during body regeneration. Meanwhile, we acknowledge
the limitation of this method for detecting the mitochondria in cells
in vivo. Tomograph and other higher resolution in situ methods for
mitochondria in planarians need to be developed to validate the
dynamics in the future.

The mitochondrial fusion gene opal is required for planarian
regeneration

To investigate the hypothesis suggested by our staining results, we
next examined the relationship between mitochondria and regenera-
tion, particularly the role of mitochondrial morphology changes dur-
ing regeneration. The homologous gene candidates of six
mitochondrial dynamics-related genes were identified in planarian S.
med., including mitochondrial fusion genes Smed-opal, Smed-mfni,
Smed-mfn2, mitochondrial fission genes Smed-drpl and Smed-fis1, and
mitochondrial transportation gene Smed-miro-1 (henceforth referred
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Fig. 2 | opal RNAi impairs planarian regeneration and induces alterations in
mitochondrial dynamics. A Representative images show regeneration outcomes
in live animals of egfp RNAI, opal RNAIi, and drpI RNAi animals at 7 dpa. Dpa, days
post-amputation. n =10 for each RNAi treatment. Scale bar, 500 um. B In situ
probes for chat and gata4/5/6 were used to show regeneration defects of the
central nervous system and intestine in opal RNAi animals compared with egfp
RNAi and drp1 RNAi animals at 7 dpa. n =4 for each condition. Scale bar, 500 pm.
C TEM images of planarian neoblasts (upper row) display the morphology of
mitochondria in egfp RNAI, opal RNAI, and drpI RNAi animals. Cells with neoblast
characteristics were selected for observation. The experiment was repeated three
times. The lower-row images correspond to the boxed areas in the upper-row
images. Scale bars, 1 um. D Representative Hessian-SIM images of mitochondria in
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T
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Mito™" cells from egfp RNAi, opal RNAi, and drp1 RNAi planarians. Scale bar, 1 pm.
E-H Dot plots of mitochondrial size (E), total length (F), branch length (G), and
length/branch ratio (H) of Mito'" cells from egfp RNAi (n=24), opal RNAi (n=38),
and drpI RNAi (n = 35) planarians. The quantification is shown as mean + SEM.
Unpaired two-tailed Student’s ¢ test was used to determine the significance of
differences between two conditions. I Pseudocolor dot plots show Mito®* and
Mito"e" cells with their percentages from egfp RNAi and opal RNAi animals. Mito'®":
p-value =2.56 x10° (72.9 + 1.13% vs. 88.8 + 0.80%); Mito"": p-value =7.78 x 10°
(20.6 £ 0.67% vs. 6.4 + 0.74%) as opal RNAi versus egfp RNAi controls. The quanti-
fication is shown as mean + SEM. Unpaired two-tailed Student’s ¢ test was used to
determine the significance of differences between two conditions.

to as opal, mfnl, mfn2, drpl, fisl, and miro-1) (Supplementary Data 1).
Bacteria expressing dsRNA were used to feed planarians to knock
down gene expression, and regeneration was tested after amputation.
Through assessment for defects in regeneration but not homeostatic
viability, we discovered that the mitochondrial fusion gene opal was
essential for planarian regeneration postamputation, while knock-
down of the mitochondrial fission gene drpI resulted in only a minor
regeneration delay for tail fragments (Fig. 2A, Supplementary Data 1).
Quantitative real-time PCR (qPCR) showed a substantial reduction in

transcripts after opal RNAi and drpl RNAi (Fig. S3A, B). We then
investigated organ integrity at 7 and 14 dpa via in situ hybridization
and found that regeneration of the central nervous system (chat’),
intestine (gata4/5/6"), and pharynx (laminin®) was blocked in planar-
ians with opal knockdown compared with egfp RNAi controls
(Fig. 2B, Fig. S3C).

To validate the effects of opal RNAi on mitochondrial morphol-
ogy, we first showed that the ectopic expression of Myc-tagged pla-
narian Opal could localize to the mitochondria in mammalian cells
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(Fig. S3D) due to the lack of an antibody against Opal and technical
limitations of exogenous gene expression in planarian cells. There-
after, transmission electronic microscopy (TEM) was used to compare
the mitochondrial morphology in tissue sections from opal RNAI, drpl
RNAI, and egfp RNAi control animals. Previous studies have indicated
that neoblasts could be identified with TEM through their lack of
cytoplasmic differentiation and the presence of prominent decon-
densed chromatin®**. Therefore, to compare among similar cell types,
mitochondria were compared in neoblasts and were found that mito-
chondria within opal RNAIi planarians were notably smaller and had
lower cristae maturation than those within the egfp RNAi controls
(Fig. 2C). In contrast, we observed increased mitochondrial inter-
connection and size in drpI RNAi planarians compared with egfp RNAi
controls (Fig. 2C). We also examined the consequence of mitochon-
drial morphology in mfnl;mfn2 RNAI, and fisI RNAi animals. Despite
significant reduction in their transcript levels (Fig. S3E, G), the mito-
chondrial morphology did not display any obvious changes in
mfnl;mfn2 RNAi and fisI RNAi compared to those in opal RNAi and
drpl RNAi animals (Fig. S3F, H). The lack of effect on mitochondrial
morphology may explain the absence of defective regeneration in
these RNAi conditions.

To confirm the changes in mitochondrial morphology elicited
by opal RNAi and drpI RNAI, we directly observed the mitochondria
by Hessian SIM in isolated Mito™" cells from egfp RNAi, opal RNAI,
and drpl RNAi planarians. Our analysis revealed that egfp RNAi
Mito"" cells housed elongated, tubular mitochondria, whereas opal
RNAi Mito"" cells contained short, globular mitochondria (Fig. 2D)
with a significant reduction in mitochondrial size (Fig. 2E), total
length (Fig. 2F), branch length (Fig. 2G), and the ratio of length/
branch of mitochondria (Fig. 2H). In contrast, drpI RNAi Mito'" cells
contained mitochondria with a significant increase in mitochondrial
size, total length, and branch length compared with egfp RNAi
Mito"" cells (Fig. 1D-H). These results confirmed the impact on the
mitochondrial morphology caused by opal RNAi and drpl RNAI.
Concurrent with these alterations in mitochondrial dynamics, the
application of opal RNAI significantly reduced the ratio of Mito""
cells compared to the egfp RNAi controls (Fig. 2I). These results
suggest that defects in mitochondrial fusion by opal RNAi impact
the pluripotency of Mito"" cells.

Reducing drpl expression mitigates opal RNAi-induced regen-
eration impairment and mitochondrial morphological
disruption

To examine whether mitochondrial dynamics plays a decisive role in
cell fate and regeneration, we sought to ameliorate the deficiencies
observed in animals subjected to opal RNAi. The drpl RNAi resulted in
an opposite morphology compared with that after opal RNAi
(Fig. 2C-H). We, therefore, investigated whether drpI RNAi amelio-
rated mitochondrial anomalies and regeneration defects in opal RNAi
planarians. Subsequently, in addition to performing egfp;egfp RNAI,
opalLegfp RNAI, and drplegfp RNAi, we generated planarians with
simultaneous opal and drpI knockdown (referred to as opal;drpl RNAi
animals). Unlike prior observations with opal RNAi animals, opal;drpl
RNAIi animals showed noticeable regeneration following amputation,
mirroring the level of regeneration observed in the egfp;egfp RNAi and
drpLegfp RNAi animals (Fig. 3A). Probing for the intestinal and central
nervous systems at 7 dpa via fluorescence in situ hybridization of mat
and pc2 confirmed the rescue of the regenerative defects in opal;drpl
RNAi animals (Fig. 3B). To validate the efficiency of gene suppression,
we performed the qPCR analysis. The results showed that opalegfp
RNAi and drp1egfp RNAi significantly decreased the transcript levels of
opal and drpl, respectively, compared to the egfp;egfp RNAi condition
(Fig. S4A, B). Meanwhile, opal;drp1 RNAi exhibited a comparable
reduction in the transcript level of opal and drpl to opalegfp RNAi and
drpIegfp RNAi conditions, respectively (Fig. S4A, B).

We then investigated the phenotypic consequences of concurrent
opal and drpI knockdown on mitochondrial morphology via TEM. The
results showed rescue of mitochondrial morphology in neoblasts of
the opal;drpl RNAi animals similar to that in the egfp,;egfp RNAi animals
but in contrast to those in the opalegfp RNAi cohort (Fig. 3C). Fur-
thermore, we directly observed mitochondria by Hessian SIM in iso-
lated Mito'" cells from egfp;egfp RNAI, drpLegfp RNAI, opal;egfp RNAI,
and opal;drpl RNAi planarians (Fig. 3D). Our analysis revealed that the
mitochondrial morphology index values, which included the mito-
chondrial size (Fig. 3E), total length (Fig. 3F), branch length (Fig. 3G),
and ratio of length/branch of mitochondria (Fig. 3H), were increased in
the opal;drpl RNAi Mito™ cells to a similar level as in the egfp;egfp
RNAi Mito'" cells, in contrast to those in the opal;egfp RNAi Mito'™"
cells. A similar consequence was also observed in Mito"" cells
(Fig. S4C-G). The effect on the ratio of Mito'" and Mito"" cells in
different RNAi conditions was also assessed. Our analysis revealed that
the ratio of Mito'" cells decreased concurrently with alterations in
mitochondrial dynamics in both homeostasis (Fig. S4H, I) and at 1dpa
of opalyegfp RNAi worms (Fig. S4J, K). This ratio was restored in
opal:drpl RNAi worms. In contrast to the decrease in Mito'" cells,
there was an increase in Mito"e" cells in opalegfp RNAi worms, which
was also restored in opaldrpl RNAi Mito"e" cells.

Mitochondrial fusion-fission equilibrium is essential for neo-
blast proliferation and differentiation potency

To further evaluate the phenotypes of opal RNAi on regeneration, we
examined its effects on cell proliferation and differentiation. In phy-
siological homeostasis, no discernible decrease in neoblasts (Fig. 4A)
or H3P" proliferating neoblasts was detected upon opal RNAi (Fig. 4B).
During regeneration in wild-type S. med., neoblasts are known to
initiate two substantial proliferation bursts at intervals of 6 and 48
hpa®*®. We next examined the consequence of opal RNAi on neoblast
proliferation during regeneration. In amputated opal RNAi worms, the
ratios of H3P* cells were significantly reduced at both 6 and 48 hpa
compared to those in egfp RNAi controls (Fig. 4C-E), indicating a
deficiency in the capacity of neoblasts to respond to tissue loss. In line
with this restoration of mitochondrial morphology, cell proliferation
rates during regeneration were also increased in opal;drpl RNAi ani-
mals compared with opal;egfp RNAi animals according to the density
of H3P* cells at 6 and 48 hpa, respectively (Fig. 4D, E).

Consistently, we noticed significant suppression of neoblast
repopulation following sublethal irradiation in organisms subjected to
opal RNAi compared to egfp RNAi controls (Fig. 4F, G; Fig. S5A, B).
Neoblast repopulation was increased to normal in opal;drpl RNAi
animals compared with egfp;egfp RNAi and drpIegfp RNAi controls
(Fig. 4F, G). To determine whether the defects in neoblast proliferation
are cell autonomous, we transplanted neoblasts isolated from opal
RNAI planarians into neoblast-depleted wild-type hosts and vice versa
and performed the same procedure. As predicted, the neoblasts of
opal RNAi planarians failed to exhibit engraftment and clonogenic
capacity in contrast to neoblasts of egfp RNAi control animals, as
indicated by the significant difference in piwi-I" cell number at 7 days
post-transplantation (7 dpt) (Fig. S5C, D). In contrast, transplanted
healthy, wild-type neoblasts engrafted and proliferated in irradiated
opal RNAi worms at a level higher than that in irradiated egfp RNAi
worms (Fig. S5E). These results suggest that Opal-regulated mito-
chondrial fusion is cell-autonomously essential for maintaining neo-
blast proliferation in response to regeneration.

Interestingly, when we examined whether drpl RNAi-induced
mitochondrial interconnection affects neoblast proliferation during
regeneration, we found significant reductions in H3P* cells at both 6
and 48 hpa (Fig. 4D, E), but only slightly reduced repopulation after
sublethal irradiation (Fig. 4F, G; Fig. S5A, B) and no difference after
transplantation of drpI RNAi neoblasts compared to egfp RNAi con-
trols (Fig. S5C-E). Considering the successful regeneration of drpl
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Fig. 3 | Mitigation of opal RNAi-induced regeneration impairment and mito-
chondrial morphological disruption by reducing drpl expression. A Images of
live egfp,egfp RNAI, drplegfp RNAI, opalegfp RNAI, and opal;drpl RNAi animals at
7 dpa. n =30 for each treatment. Scale bar, 500 pm. B In situ probes for mat and pc2
show the regeneration outcomes of intestinal, and neuronal cells, respectively, in
egfpegfp RNAI, opalegfp RNAI, and opal;drpl RNAi animals at 7 dpa. n =3 for each
treatment. Scale bar, 500 pm. C TEM images of planarian neoblasts (upper row)
display the morphology of mitochondria in egfp;egfp RNAI, drpLegfp RNAi,
opalegfp RNAI, and opal;drpl RNAi animals. The lower-row images correspond to

the boxed areas in the upper-row images. The experiment was repeated three
times. Scale bars, 1 um (upper row) and 200 nm (lower row). D Representative
Hessian-SIM images of mitochondria in egfp;egfp RNAI, drplegfp RNAI, opalegfp
RNAI, and opal,;drp1 RNAi Mito®" cells. Scale bars, 1 um. E-H Dot plots of mito-
chondrial size (E), total length (F), branch length (G), and length/branch ratio (H)
egfpegfp RNAi (n=30), drpLegfp RNAi (n=28), opalegfp RNAi (n=29), and
opal;drpl RNAi (n=35) Mito'¥ cells. The quantification is shown as mean + SEM.
Unpaired two-tailed Student’s ¢ test was used to determine the significance of
differences between two conditions.

RNAI planarians, these results suggest that the reduced proliferation
by drpl RNAi is a non-cell-autonomous effect on neoblasts and that
reduced proliferation alone does not explain the regeneration defects
in opal RNAi planarians.

To further elucidate the function of mitochondria in cell differ-
entiation during regeneration, we harvested regenerating trunks at
2 dpa and proceeded with whole-mount labeling of the neural pro-
genitor marker ston2, intestinal progenitor marker hnf4, and early
epidermal progenitor marker progl. Immunofluorescence staining
revealed significantly lower levels of ston2, hnf4, and prog-1 co-
expression with PIWI-1 in the regenerating blastema region upon opal
RNAi compared with egfp RNAi controls (Fig. 4H-J, Fig. S5F-H). The
differentiation rates during regeneration were also increased in
opal;drpl RNAi animals compared with opalegfp RNAi animals
according to the density of progenitors of ston2'PIWI-1" (Fig. 4H),
hnf4'PIWI-1" (Fig. 41), and prog-1'PIWI-1* (Fig. 4)) cells in the blastema at
2 dpa. Staining the patterning markers at 3 dpa for anterior sfrp-1 and
notum and posterior wnt-1, wntll-2, and wntP-2 revealed that the
reestablishment of tissue patterning was disturbed in opal RNAi

planarians compared to egfp RNAi controls (Fig. SSI). To assess whe-
ther the defects in cell differentiation could be attributed to an influ-
ence on the cell cycle, we performed cell cycle analysis on the
proportion of X1 cells and the S/G2/M stages. The statistical results
showed no significant reduction in neoblasts in opalegfp RNAi pla-
narians on the proportion of X1 and X2 cells (Fig. 4K, Fig. S5J). Further
analysis of the cell cycle of X1 cells revealed a decrease in the ratio of
cellsin the G2/M phase and anincrease in the S phase (Fig. 4L, Fig. S5K),
which potentially influenced the cell fate in opalegfp RNAi planarians.
These above findings indicate that maintaining the equilibrium of
mitochondrial dynamics is fundamental for determining stem cell fate
when these cells must replace missing tissues and meet the demands
of regeneration.

Mito'" cells are enriched at earlier stages of fate choices than
Mito"e" Cells

Before delving into the role of opal in neoblast pluripotency, we first
conducted experiments to elucidate the relationship between neo-
blast pluripotency and mitochondrial dynamics. After isolating cells
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Fig. 4 | Neoblast proliferation and differentiation potency is compromised by
opal RNAI. A Representative images of FISH staining for piwi-1 in egfp RNAi and
opal RNAi planarians in homeostasis at 7 days post-feeding (dpf). Scale bar,

200 pm. B Images of egfp RNAi and opal RNAi planarians at 7 dpf stained with an
anti-H3P antibody. Scale bar, 200 pm. C Changes in H3P* cell density during
regeneration of different RNAi planarian tails. n = 4 tails biological replicates from
each RNAi condition at every time point. D, E Changes in H3P* cell density at 6 hpa
(D) and 48 hpa (E) for the indicated RNAi planarians. Besides drp1 RNAi animal tail
samples at 48 hpa (n=4), n=5 tail samples were used from each of the other RNAi
conditions at 6 hpa and 48 hpa. Each dot indicates an independent individual ani-
mal. F Representative images of piwi-I" signals in different RNAi planarians at 7 and
14 dpi following 12.5 Gy of irradiation. Scale bars, S00 pm. G Quantification of piwi-
I’ cell density at 14 dpi following 12.5 Gy of irradiation of the indicated RNAi

animals. Besides opal RNAi animal samples (n=9), n=10 independent individual
samples from each of the other RNAi conditions. H-J Quantification of co-stained
cells positive for PIWI-1 and ston2 (H), hnf4 (1), or prog-1 (J) at 2 dpa in different RNAi
planarians. Besides opal RNAi animal samples (n=4), n=3 samples from each of
the other RNAi conditions (H), and n =4 biological replicates from each RNAi
condition (I-)), each dot indicates an independent data point. K Bar plot shows the
ratio of X1 and X2 cells in different RNAi planarians. n = 4 biological replicates for
each RNAi condition. L Bar plot shows the ratio of S and G2/M stages in X1 cells from
different RNAI planarians. n =4 biological replicates for each RNAi condition. The
quantification in the analysis of all data in Fig. 4 (C-E) and (G-L) is shown as
mean + SEM, a two-tailed Student’s ¢-test was used to calculate the p-value versus
egfp RNAi controls.

from wild-type intact planarians using flow cytometry, we employed
single-cell RNA sequencing (scRNA-seq) and subjected the cells to
UMAP analysis, which resulted in 23 distinct clusters (Fig. 5A). Each
cluster was assigned to a specific cell type based on the expression of
neoblast subtype markers*®* (Fig. SA, Fig. S6A, Supplementary
Data 2). Subsequently, we determined the lineage identity of each cell
and compared the compositions of Mito'" and Mito™e" cells. Within
the identified clusters, two clusters showed high expression of ¢gs-1,
which we referred to as tgs-1" neoblast c¢2 and c3 for further analysis.
Analysis of individual scRNA-seq datasets revealed distinct cluster
compositions between Mito' and Mito"" cells (Fig. 5B). While both
Mito'® and Mito"e" cells comprised epidermal, muscular, cathepsin®/
phagocytotic, parenchymal, protonephridia, and neural neoblasts,

they differed in the composition of these clusters. Mito™" cells pre-
dominantly contained tgs-I' neoblast c2 and c3, as well as intestinal
neoblasts. In addition, Mito'" cells expressed higher levels of neoblast-
enriched genes and lower levels of XBPI and P4HB compared with
Mito"" cells (Fig. S6B), which matches the gene expression signatures
of pluripotent neoblasts in the single-step fate model*°. These results
provide evidence to support the higher pluripotency status of Mito'"
cells. To avoid the batch effect, we performed additional scRNA-seq
analysis on Mito™" and Mito"&" cells isolated from tails and intact ani-
mals. The results showed a similar distinguishment in the enrichment
of different cell clusters (Fig. S7A).

We next sought to elucidate the transcriptomic signatures asso-
ciated with the pluripotency of Mito'" cells. We utilized the recently
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reported fate-specific transcription factors (FSTFs) to validate the
subclusters within the epidermal, muscular, cathepsin’, and neural
lineages®. By integrating and subclustering the epidermal cells from
the Mito'" and Mito"e" cells, we identified 11 subclusters of epidermal
neoblasts (Fig. 5C). The Mito™ epidermal neoblasts exhibited higher
expression of canonical FSTFs such as zfp-1, co-expressing with soxP-3,
and p53, while persisting the expression of soxP-3, and p53 in Mito"e"
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epidermal neoblasts (Fig. 5D, E). Conversely, the Mito
neoblasts predominantly expressed GO progenitor FSTFs such as
prog-2 and agat-3 (Fig. 5D, E). Notably, the dorsal and ventral epi-
dermis, marked by the expression of PRDM-1 and kall respectively,
were enriched in Mito"®" cells (Fig. 5D, E). These results suggest that
the Mito'™* epidermal neoblasts are more enriched at earlier stages of
fate choices compared to Mito"8" cells. Subclustering muscular

high epidermal
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Fig. 5| Mito'®" cells are enriched with neoblasts at earlier stages of fate choices
than Mito"e" cells. A UMAP plot of integrated single-cell data from Mito™" and
Mito"e" cells. The cell types of each cluster in the same lineage are grouped with
dashed shapes. B UMAP plots show clusters enriched in Mito'" and Mito"e" cells,
respectively. The clusters grouped into the same cell lineages are shown in the
same color. C UMAP plots show the subclustered epidermal neoblasts in Mito'™"
and Mito"&" cells, respectively. D Dot plot shows the expression of epidermal
subtype markers across epidermal Mito™ and Mito"" clusters. E Expression of
subtype-specific markers in epidermal Mito'® and Mito"#" clusters. F UMAP plots

show the subclustered muscular neoblasts in Mito'™ and Mito™s" cells, respectively.
G Dot plot shows the expression of muscular subtype markers across muscular
Mito™" and Mito™e" clusters. H UMAP plots show the subclustered cathepsin®
neoblasts in Mito™ and Mito"e" cells, respectively. I Dot plot shows the expression
of cathepsin® subtype markers across cathepsin®* Mito'® and Mito"®" clusters.

J UMAP plot shows the subclustered tgs-I* neoblast cluster 2 (c2). K Expression of
subtype-specific markers in the subclustered ¢gs-I* neoblast c2. L UMAP plot shows
the subclustered tgs-I" neoblast c3. M Expression of subtype-specific markers in the
subclustered tgs-1' neoblast c3.

neoblasts revealed a total of 18 subclusters (Fig. 5F). Clusters 0, 1, 2, 3,
5, and 15 were enriched in Mito™" cells and displayed highly expressed
HISTIH2AA and H2AF] genes, which are core components of the
nucleosome. In contrast, most subclusters in Mito"e" cells exhibited
enriched expression of cell-type-specific FSTFs, including longitudinal
muscle marker myoD, circular muscle marker nkxi-1, and intestinal
muscle marker gata4/5/6-3 and PTPRD. Importantly, these TFs were
already expressed during the Mito"" stage, suggesting the onset of
muscular neoblast diversity within Mito'" cells (Fig. 5G, Fig. S7B). Our
subclustering of cathepsin® neoblasts revealed 5 clusters (Fig. 5H).
Cluster 0, enriched in Mito' cells, exhibited high expression of zfp-I
and TYMS genes. Conversely, the cathepsin® cell marker CTSL was
enriched in Mito"" neoblasts, suggesting the enrichment of earlier
phagocytic cell fates in Mito'" cells (Fig. 51, Fig. S7C). When examining
the subclusters of tgs-I" neoblast c2 and tgs-I* neoblast ¢3 within
Mito'" cells, we identified 8 subclusters (Fig. 5J, L). Compared to tgs-I*
neoblast ¢3, tgs-1' neoblast c2 had a higher enrichment of tgs-1*, gcm-I*,
and ski-3" cells. Of particular note, the neural FSTFs such as pou4/-1 and
neuroD-1 were highly expressed in tgs-1* neoblast c2 (Fig. 5K, M). Earlier
stage FSTFs, such as the epidermal marker zfp-1, muscular marker
myoD, and intestinal marker gata4/5/6-2, were enriched in the tgs-1
neoblast c¢3 subcluster (Fig. 5K, M). Previous research proposed that
tgs-1' neoblasts might be neural-specialized neoblasts*. Our dataset,
however, revealed previously undescribed cell clusters that co-express
tgs-1 with multiple FSTFs. The lineage hierarchy of these cells warrants
further detailed analysis in future studies. Altogether, our cell atlas of
Mito'™ and Mito"e" cells indicates that Mito'™ cells show higher
enrichment at earlier stages of fate choices compared to Mito"e" cells,
as evidenced by the differential expression of FSTFs across various
lineages.

Changes in mitochondrial dynamics regulate the gene expres-
sion in multiple lineages of neoblasts

To investigate gene expression changes in RNAi conditions, we per-
formed bulk RNA-seq and scRNA-seq analyses (Fig. 6A). Bulk RNA-seq
was conducted on egfp RNAi and opal RNAi tripartite fragments at
1dpa as well as on tail fragments at various time points post-
amputation (Fig. 6A). The results of bulk RNA-seq analysis were con-
sistent with qPCR, indicating that the double knockdown of opal and
drpl effectively reduced the transcript levels of both genes to a similar
extent as their respective single knockdown conditions (Fig. S8A, B).
To assess the wound response and neoblast response in the early
stages of regeneration, we analyzed the expression of wound-induced
genes and neoblast-enriched genes. The bulk RNA-seq analysis showed
that opal RNAi animals, which can normally activate the expression
of early wound-induced genes, exhibited higher expression levels of
pim-3, runt-1, and wnt-1 at 1 dpa. (Fig. 6B, Supplementary Data 3). The
heatmap also showed a decrease in the expression levels of neoblast-
enriched genes, particularly piwi-1 and histone2B, in opal RNAi animals
compared to egfp RNAi animals at 1dpa. (Fig. 6B, Supplementary
Data 3). Additionally, piwi-1 and histone2B exhibited reduced transcript
levels at 2 dpa, along with other neoblast-enriched transcripts includ-
ing mcm4, vasa-1, and cyclinB-1 (Fig. S8C, Supplementary Data 3).
These results are consistent with the findings from H3P antibody

staining experiments conducted at both 6 and 48 hpa in opal RNAi
animals compared to egfp RNAi controls (Fig. 4C-E). It further sup-
ports the result that there is a significant deficit in neoblasts’ capacity
to respond to injury. Furthermore, the bulk RNA-seq data showed a
decrease in the expression of anterior PCGs, including ndl-2, wnt2, ndl-
S, 125/8-4, sfrp-1, ndk, and fz4-4 in opal RNAI (Fig. S8C, Supplementary
Data 3), consistent with the FISH results that opal RNAi animals were
unable to establish the positional information during regeneration
(Fig. SSI).

To investigate the impact of opal knockdown on neoblast plur-
ipotency and the proliferation reduction observed during regenera-
tion, we compared the scRNA-seq data of Mito"" cells at 1dpa from
animals subjected to egfp;egfp RNAI, drplegfp RNAI, opalegfp RNAI,
and opal;drpl RNA.. In total, 39,596 cells were collected from all four
groups at 1dpa, and egfp;egfp RNAi were performed twice as a tech-
nical replicate. Cells were categorized into 17 clusters by utilizing
UMAP analysis on the expression of enriched genes (Fig. 6C). The same
gene signatures that were employed to annotate the Mito™" cells from
wild-type intact planarians were used to confirm the identity of each
cluster (Fig. S9A, Supplementary Data 2). Consistency in cell clusters
and cell ratios between the two egfp RNAi replicates indicated the
robustness of the experimental results (Fig. S9B, C). Compared to
Mito'" cells from wild-type intact planarians, the integrated cell atlas
from the above RNAi animals at 1dpa also comprised epidermal,
protonephridia, intestinal, cathepsin®, muscular, parenchymal, and ¢gs-
I' neoblasts. Notably, the extended source of cells enabled the dis-
tinction of foxA" and NKX2-3' parenchymal neoblasts (Fig. 6C). We also
identified a previously unreported cell cluster characterized by the
expression of runt-1. Since runt-1 is a wound-induced gene in
neoblasts”, this cell population might represent a specific neoblast
population induced in regeneration. Furthermore, we also identified
an unknown neoblast cluster exhibiting high expression of histone-
encoding genes HISTIH2AA and HZ2AFJ. These newly identified cell
clusters present intriguing targets for future studies into their func-
tions in planarians.

To understand the impact of RNAi treatment, we compared the
proportion of each cell cluster across different RNAi groups. No
obvious difference was observed (Fig. S9B, C). We next analyzed the
differential expressed genes (DEGs) in each cell cluster by comparing
them with egfp;egfp RNAI controls (Supplementary Data 4). We iden-
tified 152 upregulated genes and 760 downregulated genes when
comparing opal;egfp RNAI with egfp;egfp RNAI (Fig. 6D). A noticeable
fewer DEGs were observed in drpIegfp RNAi (Fig. S9D), supporting the
findings of minor influence on neoblast pluripotency by drpl knock-
down (Fig. 3D-G). To further explore the rescue of gene expression, we
compared the gene expression in opal;drpl RNAi with opal;egfp RNAIi
(Supplementary Data 4). 61 genes that were downregulated in
opalegfp RNAi were significantly increased by opal;drpl RNAi
(Fig. 6E), including genes associated with oxidative phosphorylation
(OXPHOS), mitochondrial biogenesis, and PPAR signaling pathways.
Importantly, the expression of 60 out of these 61 genes was rescued in
opal;drpl RNAi by comparing with egfp;egfp RNAi treatment (Supple-
mentary Data 4). The recovery of genes enriched in the ribosome and
PPAR signaling pathway suggests that the cellular translation activity
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was restored (Fig. 6F, G). Intriguingly, egr-4, which is essential for
planarian head regeneration®®, was downregulated in opalegfp RNAI
but rescued in opal;drpl RNAi. Moreover, fos-1 as one of the first wave
genes in response to wound"’, was downregulated in opalegfp RNAI
and restored in opal;drpl RNAi planarians. This suggests that the
mitochondrial dynamics, affected by opal and drpl, are also involved
in the regulation of early response signals that are critical for planarian

0.2500.275 0.300 0.325 Aminoacyl-tRNA biosynthesis

GeneRatio

regeneration. 59 genes shown as upregulated in opalegfp RNAi were
significantly decreased by opal drpl RNAi (Fig. 6H). These genes,
including RARS1, NARS1, DARS1, MARS1, and EPRSI in the aminoacyl-
tRNA biosynthesis and CARS in the transfer RNA biogenesis pathways,
were enriched in these DEGs (Fig. 61, J; Supplementary Data 4). A group
of the upregulated DEGs (19/59) were rescued in cluster 11 muscular
neoblasts, like RPS29, a 40S ribosome protein. This suggests that the
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Fig. 6 | Modulations in mitochondrial dynamics influence gene expression
across diverse neoblast lineages. A lllustration of gene expression analysis for
bulk RNA-seq of tripartite fragments at 1 dpa from egfp RNAi, opal RNAi, and drp1
RNAI, tail fragments at various time points post-amputation from egfp RNAi and
opal RNAi, and Mito'®* scRNA-seq at 1 dpa. B Heatmap shows the expression of
signature genes after opal knockdown. The red asterisk (*) means DEGs compared
opal RNAI with egfp RNAi control group. The up- (rose boxes) and down- (black
boxes) regulated genes were identified with the threshold of Fold change >1.2 and
adjusted p-value < 0.05. C UMAP plot of integrated single-cell data from Mito'®"
cells of the indicated RNAi animals at 1 dpa. The clusters categorized into the same
cell types are shown in the same color. D Differential gene expression analysis
comparing opal;egfp RNAi and egfp,;egfp RNAi Mito' cells shows up- and down-
regulated genes across all cell clusters. Top: Bar graph showing the number of DEGs
in each cluster. Middle: For each cluster, the change in expression of significantly
changed genes (p adj <0.05, |log,FC|> 0.585) is shown. Bottom: The cell fate to

which different clusters belong. The colors indicate the clusters. LogFC, log fold
change. E Venn diagram presents the number of genes significantly downregulated
in opalegfp RNAi compared with egfp;egfp RNAI, but significantly upregulated in
opal;drpl RNAi compared with opalegfp RNAi Mito™" cells. F KEGG pathway
enrichment and (G) Protein-protein interaction networks (PPI) display genes
selected from the Venn diagram in (E). The Benjamini-Hochberg method was used
to adjust the p values. The adjusted p-value < 0.05 was set to determine the sig-
nificantly changed expression level. H Venn diagram presents the number of genes
significantly upregulated in opalegfp RNAi compared with egfp;egfp RNAi, but
significantly downregulated in opal;drpl RNAi compared with opalegfp RNAi
Mito"" cells. I KEGG pathway enrichment and (J) Protein-protein interaction net-
works (PPI) display genes selected from the Venn diagram in (H). The Benjamini-
Hochberg method was used to adjust the p values. The adjusted p-value < 0.05 was
set to determine the significantly changed expression level.

opalegfp RNAI causes abnormal translation, leading to upregulated
transcription of genes associated with the tRNA biosynthesis, which is
restored in opal;drpl RNAI planarians.

To assess the impact of opal RNAi across all cell types besides
stem cells, we compared the single-cell atlas of egfpyegfp RNAI,
drpIegfp RNAI, opalegfp RNAI, and opal;drpl RNAi animals. Given the
potential of dissociation manipulation to result in the loss of fragile
cells and induce stress responses, we employed single-nucleus RNA
sequencing (snRNA-seq) to characterize the cellular components in
RNAI planarians. This analysis yielded a total of 42,965 nuclei, which
were subsequently categorized into 26 clusters through UMAP based
on the expression of enriched genes in each cluster. The average
number of genes per cell nucleus was 1,031, consistent with the typical
range for snRNA-seq. Using marker genes, we identified 9 major cell
types in the cell atlas (Fig. S1I0A, B, Supplementary Data 2). These
clusters were then validated using classic planarian cell type markers
(Fig. S10A), including neoblast, epidermal, muscular, intestinal,
cathepsin’/phagocytic, protonephridia, pharyngeal, neural, and par-
enchymal cells. The diversity of cell types and gene heterogeneity were
consistent with previous reports*>*,

We also compared the proportion of each cell cluster among
different RNAi groups. No obvious difference was observed
(Fig. S10C). We then examined the DEGs in each cell cluster by com-
paring them with egfp,egfp RNAi controls (Fig. S11A-C, Supplementary
Data 5). We identified 10 downregulated genes in opalegfp RNAI that
were rescued by opal;drpl RNAi (Fig. S11D, E). These included MT-ND1,
MT-ND3, ND4, ATP6, MT-COX1, MT-COX2, and MT-COX3, which are
related to OXPHOS and encoded by the mitochondrial genome (Sup-
plementary Data 5). These genes were downregulated in epidermal,
neoblast, and intestinal clusters, but their expression was restored in
neoblasts following opal;drpl RNAi (Fig. S11A, D, E; Supplementary
Data 5). Similarly, we observed these genes downregulated in 1dpa
mito'™ scRNA-seq analysis after opal knockdown (Fig. 6E, Supple-
mentary Data 4). Furthermore, we identified 12 upregulated genes that
were rescued by opal;drpl RNAi (Fig. S11F, Supplementary Data 5).
Genes encoding IARS1, QARS1, AARS1, and RARS1, which are involved in
aminoacyl-tRNA biosynthesis, were upregulated in neoblasts, epi-
dermal cells, and intestinal cells after opal knockdown. Their expres-
sion was restored in epidermal cells following opal:drpl RNAi. This
indicates that opal knockdown stimulates these genes specifically in
epidermal cells. Despite these findings, it is important to note that the
number of genes differentially expressed following opal knockdown in
other cell types was smaller than in neoblasts. This suggests that opal-
regulated mitochondrial dynamics primarily influence genes and
functions involved in neoblasts during the early stages of regeneration,
although we cannot exclude the plausibility of other cell types.

To complement the single-cell transcriptional analysis and iden-
tify gene expression changes specific to opal RNAi at 1 dpa, we further
utilized bulk RNA-seq data from intact and 1 dpa time points (Fig. 6A).

By comparing with egfp RNAi and drpI RNAi, we identified 111 genes
that were specifically downregulated, and 26 genes upregulated in
opal RNAI planarians at 1dpa (Fig. SI2A-F, Supplementary Data 6).
Pathway enrichment analysis found that UQCRI0, UQCRH, and UQCRQ,
which are associated with OXPHOS, were detected in bulk RNA-seq
data (Fig. S12G, H). Histone proteins such as H4C1, H3-5, H2AZ1, and
H3CI showed lower expression in opal RNAi worms (Supplementary
Data 6). In addition, genes involved in RNA splicing, including H4C1,
YBX3, SNRPF, SNRPD1, SNRPD2, and SF3B5, were downregulated
(Fig. SI2H). The translation initiation factor E/F1, along with down-
regulated ribosomal protein genes RPLP2 and RPS25, suggested that
opal knockdown decreases transcription and translation during
regeneration (Fig. SI2H). Furthermore, RARSI associated with arginyl-
tRNA was upregulated at 1dpa (Fig. S12I), suggesting a feedback reg-
ulation to compensate for reduced translation following opal RNAi.
These DEGs were enriched in similar signaling pathways compared to
those enriched in the scRNA-seq analysis (Fig. 6F, G, 1, J; Fig. SIIE, F),
offering potential insights into the regulatory pathways affected by
mitochondrial fusion defects.

Mitochondrial Fusion-Fission Equilibrium is Critical for Mito-
nuclear Balance

To facilitate the study of DEGs related to mitochondrial dynamic
changes, we comprehensively categorized the annotated genes enco-
ded by the nuclear genome and mitochondrial DNA (mtDNA). Previous
studies have estimated that the mitochondrial proteome in yeast and
humans contains at least 1000 ~ 1500 different proteins**~°. In a study
of the planarian mtDNA, it was found that the sexual and asexual
biotypes of Schmidtea mediterranea have mtDNA with lengths of
27,133 bp and 17,176 bp, respectively. However, both biotypes have the
same number of genes encoding for 12 proteins (ND1, ND2, ND3, ND4,
ND4L, ND5, ND6, COX1, COX2, COX3, CYTB, and ATP6), 2 rRNA, and 22
tRNAs®. Although the planarian mitochondrial proteome has not been
reported, gene homologs have been identified by searching the
nuclear genome sequence for known mitochondrial-related genes
(Supplementary Data 7)*%. The identified proteins were then grouped
according to their major functions, including mitochondrial detox-
ification, mitochondrial dynamics and surveillance, mitochondrial
ribosome assembly, translation, OXPHOS, and mitochondrial meta-
bolism. Consequently, we integrated and classified the genes that were
transcriptionally up-regulated and down-regulated in association with
opal RNAi, compared with egfp RNAi controls (Supplementary
Data 7, Fig. 7A).

Through above transcriptome analysis, we found that the defects
in opal-regulated mitochondrial dynamics caused the downregulation
of nuclear genome encoded H4CI, YBX3, SF3BS, SNRPD1, SNRPD2, and
SNRPF, which are enriched in the U2-type prespliceosome assembly
pathway, upregulation of nuclear genome encoded RARSI, EPRSI,
IARS1, AARSI, and QARSI, which are enriched in the cytosolic tRNA
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Fig. 7 | Regulation of the mitonuclear balance by the equilibrium of mito-
chondrial dynamics is essential for regeneration. A Summary of the DEGs in
multi-transcriptomic analysis. Genes are summarized with subcellular localization
and annotated functions. Downregulated and upregulated genes are in blue and
red, respectively. B Left: representative WB images of egfp,egfp RNAi, opalegfp
RNAI, drpLegfp RNAI, and opal;drpl RNAi planarians treated with puromycin (puro)
or puromycin and cycloheximide (CHX). Ponceau staining was used to confirm
equal protein loading. n = 3 biological replicates for each condition; each biolo-
gical replicate was the mixture of proteins of six RNAi worms. Right: Quantitative
representation of puromycin incorporation observed in left WB images. The data
are shown as the mean + SEM. P-value was calculated by unpaired two-tailed Stu-
dent’s t-test versus egfp;egfp RNAi controls. C Quantification of the relative
expression level of UPR signals in opal RNAi animals compared with egfp RNAi
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animals. n =3 biological replicates for each RNAi condition. The quantification is
shown as mean + SEM. P-value was calculated by unpaired two-tailed Student’s ¢-
test versus egfp RNAi controls. D Representative live images show the block of
regeneration after mrpl2 RNAi and ugcr10 RNAI. Scale bar, 500 um. E Quantification
of H3P* cell density at indicated regeneration time points of egfp RNAi, mrpl2 RNAi,
and uqcrIO RNAi animals. Besides ugcrI0 RNAi animal samples at 48 hpa and 72 hpa
(n =4 biological replicates for each condition), n = 3 samples from each of the other
RNAi conditions at each time point. The data are shown as the mean + SEM.
Unpaired two-tailed Student’s ¢-test was used to determine the significance of
differences at each time point versus egfp RNAi controls. F Representative FISH
images of anterior and posterior patterning markers at 72 hpa. n=3 worms of
biological replicates for each RNAi treatment. Scale bar, 50 pm.

aminoacylation signaling pathway, but also caused the down-
regulation of mitochondrial DNA encoded MT-ND1, MT-CO1, and ATP6
genes, which are involved in the electron transport chain, and MRPL2,
MRPLI7, and MRPL24 genes, which are involved in mitochondrial
protein translation (Fig. 7A). Mitonuclear balance refers to the delicate
equilibrium between the expression and function of genes encoded in
the nuclear DNA and those encoded in the mitochondrial DNA

(mtDNA)***>5*, The above analyses suggest that there is an imbalance
in the transcription of genes for mitochondrial proteins and cytosolic
proteins (Fig. 7A). To assess the translation level, a puromycin incor-
poration experiment was performed. The translation inhibitor CHX
was used as a negative control, and no significant decrease in pur-
omycin incorporation was observed when comparing opal;egfp RNAi
with egfp;egfp RNAi control animals at 1dpa (Fig. 7B). This suggests
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that there is no significant decrease in protein translation levels at the
bulk-tissue level between opalegfp RNAi and egfp;egfp RNAi controls
(Fig. 7B). However, considering the gene expression difference in
neoblasts, we could not rule out the possibility that a reduction in
protein translation occurred in neoblasts and other specific cell types.

Proper mitochondrial fusion and fission play pivotal roles in
maintaining mitonuclear balance, facilitating coordinated gene
expression, efficient energy production, and effective stress
responses’. Previous studies have shown that loss-of-function of
opal could result in the downregulation of mitochondrial genes
encoding for components of the OXPHOS, mitochondrial ribosomal
proteins, and other mitochondrial biogenesis-related genes, and
upregulation of genes of heat shock proteins (HSPs), reactive oxygen
species (ROS) scavengers, pro-apoptotic factors, and genes involved
in UPR*®, Knockout of either opal or drpl would result in an
enhanced UPR**% To validate this response, we attempted to identify
homologous genes involved in mito-nuclear signaling pathways, such
as atfs-1, atf4/5, and Nrf2, that are found in the roundworm C. elegans
and mice. However, no obvious homologs were identified, likely due to
the divergence of the DNA sequences with evolutionary distance.
(Supplementary Data 7)®. Instead, 29 other homologous genes asso-
ciated with UPR™ and UPR™ were identified in planarians®*®, These
genes included HSP10, HSP60, elF2a, sirtl, sirt3, catalase, PERK, and
among others. This divergence can obscure the identification of direct
orthologs. Despite this challenge, we were able to quantify the tran-
scription levels of genes associated with the UPR®™ under opal RNAi
condition (Fig. 7C). This approach not only validates our response but
also underscores the complexity and conservation of mito-nuclear
signaling pathways across different organisms. The lack of many core
conserved components of UPR™ in planarians suggests that UPR™
regulation in these organisms may involve other, yet undiscovered,
transcription factors.

Given the altered expression of nuclear genome-encoded mito-
chondrial subunits, we hypothesize that the changes in mitochondrial
dynamics may decrease the function of the electron transport chain
and mitochondrial ribosomal subunits, thereby exerting functional
effects. To further validate our hypothesis, we then performed an RNAi
screen targeting the DEGs identified from opal RNAi animals. We
focused on the nuclear genome-encoded genes with homologs in
mammals and ultimately identified 62 genes that met these criteria
(Supplementary Data 8). RNAi knockdown of two genes, mrpl2 and
uqgcrl0, which encode proteins located in mitochondria, resulted in
defective regeneration without noticeable homeostasis defects
(Fig. 7D, Supplementary Data 8). Furthermore, neoblast hyperproli-
feration during regeneration was reduced in mrpl2 RNAi and ugcriO
RNAi animals compared with egfp RNAi controls (Fig. 7E). Additionally,
the expression patterns of sfrp-1, notum, and wnt-1 were disorganized
(Fig. 7F), similar to the observations in opal RNAi animals. These
results indicate that the genes regulated by mitochondrial dynamics
indeed contribute to the function of tissue regeneration. Moreover,
upregulated genes such as /ARSI, QARSI1, and RARSI are also essential
for planarian normal physiology (Supplementary Data 8) and likely act
as compensatory mechanisms in response to changes in mitochondrial
dynamics by increasing their expression levels. Taken together, our
findings suggest a mechanism in which the mitochondrial morphology
dynamics are crucial for coordinating the mitonuclear balance, likely
through the regulation of metabolism and translation in mitochondria.

Mitochondrial fusion-fission equilibrium is critical for metabo-
lism in regeneration

Consistent with previous studies®®**”!, our results showed the down-
regulation of mitochondrial genes encoding for components of the
OXPHOS in opalegfp RNAi animals. To examine the influence on
mitochondria, Seahorse assays were employed to measure the oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR).

OCR measurements suggested a delayed response but comparable
OXPHOS in opal;egfp RNAi animals, which was restored in opal;drpl
RNAI animals (Fig. S12J). ECAR measurements suggested an increase in
glycolysis in opalegfp RNAi and drplegfp RNAi, but this was recovered
in opal;drpl RNAi animals (Fig. S12K). ATP levels were measured and
found to be significantly reduced in opal;egfp RNAi animals at 1dpa
(Fig. 8A), and in all drp1egfp RNAI, opal;egfp RNAI, and opal;drpl RNAi
animals compared to egfp RNAi controls at 3 dpa (Fig. 8B). These
observations suggest that compromised mitochondrial dynamics
reduced the function of OXPHOS in planarians.

A recent study suggested that inhibition of the mitochondrial
translation and depletion of respiratory chain subunits would result in
the accumulation of large lipid droplets in mouse intestine’. In pla-
narian tissues, phagocytes in the intestine are the major cell type
responsible for lipid storage””. Lipid staining on planarian cryosec-
tions also showed a significant increase in lipid droplets in the
opalsegfp RNAI and drpIegfp RNAi animals compared with opal;drpl
RNAI and egfp RNAi controls (Fig. 8C, D). To exclude the possibility
that larger planarians contain bigger lipid droplets, we compared the
worm size and found no significant increase in length after opalegfp
RNAI and drpi;egfp RNAi compared with opal;drpl RNAi and egfp;egfp
RNA:i controls (Fig. 8E). We then quantified cellular metabolomics data
from the four RNAi conditions at 1dpa (Supplementary Data 9). The
results showed that the levels of certain amino acids, including L-
citrulline, citrulline, and guanine, decreased in both opalegfp RNAi
and drpIegfp RNAi planarians, with a slight recovery in opal;drpl RNAi,
suggesting a reduction in anabolism when the mitochondrial dynamics
was abolished (Fig. 8F). Similarly, metabolites involved in energy
metabolism, such as ADP and adenosine 3',5-diphosphate disodium
salt, increased in both opalegfp RNAi and drplegfp RNAi planarians
and restored in opal;drpl RNAi (Fig. 8F), consistent with the reduction
of ATP production (Fig. 8A, B). These findings suggest the impaired
fatty acid oxidation, in line with the accumulation of lipid droplets in
both opalegfp RNAi and drpLegfp RNAi planarians. However, five
metabolites, including L-leucine, L-norleucine, glutaryl-carnitine
lithium salt, DL-2-aminoadipic acid, and L-2-aminoadipic acid, were
significantly increased only in opal;egfp RNAi and exhibited a recovery
in opal;drpl RNAi (Fig. 8F). This suggested a unique change in the
metabolism after opal knockdown. Although a direct target has not
been identified thus far, our results suggest the possibility of unra-
veling the regulation of metabolism by the mitochondrial fusion-
fission equilibrium during planarian regeneration.

In summary, we propose a working model that the mitochondrial
dynamics can determine the pluripotency of planarian stem cells and is
critical for planarian regeneration (Fig. 8G, H). Maintaining the mito-
chondrial fusion-fission equilibrium is required for the normal tran-
scriptional program in the mitonuclear balance and metabolism
(Fig. 81, ).

Discussion

In this study, our findings revealed a critical role of mitochondrial
dynamics in tissue regeneration. Specifically, we observed that Mito'"
cells, which possess tubular mitochondria as opposed to the granular
morphology seen in Mito"" cells (Fig. 8G), contribute significantly to
pluripotency enrichment. Previous studies reported variations in
mitochondrial states associated with stemness**. However, the reg-
ulation of stemness by mitochondria and cell composition has not
been investigated. Regarding the lineage development for neoblasts, it
has been proposed that neoblasts exist in a hierarchy with a particular
pluripotent class** or a specialized neoblast can divide to produce cells
with asymmetric outcomes, where one daughter becomes a neoblast
capable of choosing a new fate in its subsequent cell division**”®. In the
latter model, called the single-step fate model, pluripotency can be
distributed across multiple neoblast classes with low expression of
postmitotic markers such as P4HB and XBPI1*°. Another two studies
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recently showed that neoblasts choose fate in highly intermingled
neighborhoods lacking clear structure® and generated an atlas of stem
cell fates with associated transcription factor signatures®. Our pre-
vious studies showed the similarity between SiRNeoblasts and X1
cells’**, In this study, we identified Mito'* and Mito"®" cells in both
SiRNeoblasts and X1 cells. Our scRNA-seq analyses revealed that
Mito'" cells are enriched with cycling neoblasts expressing low levels

Mito-nuclear imbalance

of P4HB and XBPI, in agreement with the gene expression signatures of
pluripotent neoblasts in the single-step fate model*. We further
showed evidence that Mito' cells enriched transcription factor sig-
natures at the earlier stages of fate choices. These results elucidate the
mechanism by which Mito'®" cells enrich the pluripotency by providing
a cell atlas and suggest the utilization of Mito'" cells to enrich neo-
blasts at the earlier stages of fate commitment. Compared with Mito'™¥

Nature Communications | (2024)15:10681

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54720-1

Fig. 8 | Dysfunction of metabolism after influencing the mitochondrial
dynamics in planarians. A, B The bar plot shows the relative level of ATP in
different RNAI planarians at 1 dpa (A) and 3 dpa (B). n =4 independent biological
replicates for each RNAi condition. The data are shown as the mean + SEM. P-value
was calculated by unpaired two-tailed Student’s ¢-test versus egfp;egfp RNAi con-
trols. C Oil Red O staining for lipid droplets on the cryosections of the indicated
RNAi planarians. Scale bar, 50 um. D Bar plot shows the density of the lipid droplets
in size and the ratio among three ranges of size (<6, 6-20, and > 20 pm?) in egf-
pregfp RNAI (n=4580), opalegfp RNAI (n=5134), drpLegfp RNAi (n=6706), and
opal;drpI RNAi (n = 4667). the n value represents the number of lipid droplets. Each
dot indicates a lipid droplet. Data are shown as mean + SEM P values were calcu-
lated by one-way ANOVA followed by Tukey’s multiple comparisons. E Body length
of egfp;egfp RNAI (n=17), opalegfp RNAi (n=15), drpIlegfp RNAi (n=15), and

opal,drpl RNAI planarians (n=17) at 7 dpa. The quantification is shown as mean +
SEM. P-value was calculated by unpaired two-tailed Student’s ¢-test. F Heatmap
shows the changes of metabolites in indicated RNAi animals at 1 dpa. Four repli-
cates for each RNAi were grouped in the indicated colors. The metabolites with
significant changes in abundance (z score) in opalegfp RNAi compared to egfp;egfp
RNAi were shown. The Benjamini-Hochberg method was used to adjust the p
values. The adjusted p-value < 0.05 and fold change >1.2 was set to determine the
significantly changed expression level. G Cartoon illustration for different
morphologies of mitochondria and pluripotency in Mito'® cells and Mito"e" cells.
H lllustration for the regeneration defects by opal RNAi and rescue by opal:drpl
RNA.. I The balance of mitochondrial fusion and fission is regulated by opal and
drpl. J opal RNAi causes the malfunction of mitochondria, elevated UPR, and
mitochondrial imbalance.

cells, Mito"e" cells exhibit relatively lower levels of piwi-1 but higher

levels of P4HB and XBP1, markers previously associated with post-
mitotic cells. Although the exact mechanism remains unclear, the
coexistence of Mito™ and Mito"e" cells in the S/G2/M phases of the cell
cycle suggests a transition toward cell fate commitment during neo-
blast division. An alternative possibility is that the Mito"s" cells are
indeed bona fide postmitotic progeny, with their apparently increased
DNA content reflecting, for example, a change in chromatin state.
Further experiments are needed to clarify the nature of the Mito"e"
fraction and, more generally, when and how neoblast fate is regulated
within the cell cycle.

Several studies have shown the role of mitochondrial dynamics,
which regulates fission and fusion cycles, in cell culture and physio-
logical development in animal models®*”, including stem cell plur-
ipotency in culture’®®, neural stem cell and T-cell differentiation in
development™*>#, and competence of skeletal muscle stem cells®.
Previous research in cell lines, such as HelLa, HEK293, NIH3T3, and
MEFs, has observed the typically fragmented mitochondria during the
G2/M phases and the interconnected network during the G1 phase of
the cell cycle®. Observations in our study on mitochondrial
morphologies in Mito' and Mito"" cells highlight the sophisticated
functions of mitochondrial dynamics in coordinating both the cell
cycle and cell fates. Different mitochondrial morphologies during the
G2/M phases of neoblasts may be essential for meeting the diverse
metabolic demands associated with cell fate commitment in vivo. Our
study has also revealed the critical role of these genes in the cellular
processes in planarian body regeneration. Specifically, deficiency in
mitochondrial fusion induced by opal knockdown inhibited both stem
cell pluripotency and the regeneration process. Conversely, the
simultaneous knockdown of opal and drpl mitigated these regen-
erative defects (Fig. 8G, H). The results indicated that the changes in
mitochondrial dynamics do not merely arise as a consequence of cell
differentiation, but also actively contribute to the regulation of cell
fate determination. This aligns with previous studies, which have
highlighted the regulatory function of mitochondrial dynamics in
animal development across species™”"?%2%*%7 These findings also
noted a differential regulation in various tissues. During brain devel-
opment in mice, mitochondrial fusion, mediated by opal, is essential
for neuronal stem cell differentiation®. On the other hand, drpI-
mediated mitochondrial fission plays a significant role in the regen-
eration of mouse skeletal muscle cells®. The differential influence of
opal and drpl in various cell types underscores the specific roles of
mitochondrial fusion and fission in cellular processes. Taken together,
our findings not only validate the critical role of mitochondrial
dynamics but also open new avenues for exploring their potential in
regulating cell fate and tissue regeneration, particularly large-scale
regeneration in the future.

Our findings provide valuable insights into the principle that the
maintenance of a balance in mitochondrial dynamics is pivotal for
maintaining mitonuclear balance, which in turn is essential for stem

cell potency and tissue regeneration (Fig. 8I). Disruption of this equi-
librium can lead to alterations in the cellular metabolic status and
mitonuclear imbalance, ultimately impeding normal regeneration in
opal RNAi animals. Despite the critical functions of mitochondria, their
complex nature has posed significant challenges to extensive research,
particularly in the context of macroscale damage. Currently, a sig-
nificant body of research is focused on revealing the mechanisms
through which mitochondria regulate nuclear transcription in devel-
opment and cancer pathologies™"?*7880-828¢ However, the applic-
ability of these findings in the context of planarians and their relevance
to tissue regeneration remains an open question. Our study con-
tributes to this ongoing discourse by providing evidence that changes
in mitochondrial dynamics can induce UPR and transcriptional chan-
ges. The necessity of the opal-regulated mitochondrial respiratory
chain complex Il gene uqcr10 and mitochondrial ribosome gene mrpl2
for such regulatory activities during tissue regeneration further sup-
ports the existence of a mito-nuclear signaling pathway to regulate
regeneration (Fig. 8J). However, a comprehensive understanding of
this regulatory pathway necessitates further investigations to precisely
identify the implicated components and mechanisms.

Our study found Mito'* and Mito"e" cells based on the MMP
levels, which may correlate with the mitochondrial mass. One possi-
bility is that the mitochondria in Mito™" cells exhibit an increased
surface area when they divide into a fragmented morphology. This
suggests a greater requirement for mitochondrial membrane. Another
possibility is that the effectiveness of staining mitochondria with dyes
is a concern in characterizing mitochondrial mass dependent on
mitochondrial membrane potential. When the mitochondria within the
cell have similar membrane potential, the level of mitochondrial mass
can be robustly compared. However, when the mitochondrial mem-
brane potential is low, the dye may not fully penetrate the mitochon-
dria and accurately reflect the level of mitochondrial mass. The
quantitative mitochondrial proteomic analysis for Mito'™ versus
Mito"" cells is useful to clarify this point. One of the challenges we face
in our research is the lack of antibodies against mitochondrial mem-
branes, which hampers our ability to specifically target and study these
organelles in planarians. We are currently working on isolating mito-
chondria from these organisms. However, a significant obstacle is the
inability to separate the desired cell populations to acquire sufficient
sample volumes for proteomics analysis.

Mitochondrial biogenesis involves the synthesis and assembly of
mitochondrial components, including proteins, lipids, and DNA, as
well as the growth and division of existing mitochondria. Mitochon-
drial biogenesis and mitochondrial fusion/fission are two distinct but
interconnected processes that regulate the number, distribution, and
health of mitochondria within a cell***, During planarian regeneration,
mitochondrial biogenesis assumes a vital function in augmenting the
cellular capacity to meet high energy demands and generate new
mitochondria required for cell proliferation. Mitochondria are
involved in diverse signaling pathways. By increasing mitochondrial
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mass through biogenesis, cells may enhance their ability to signal and
coordinate the regenerative response. It is apparent that mitochon-
drial biogenesis is intimately connected with mitochondrial fusion and
fission to regulate important processes such as mitochondrial quality
control, energy distribution, stress response, and metabolic shifts.
Close coordination among these processes ensures the efficiency and
adaptation of the regenerative process to the energetic and metabolic
needs of the tissue. Further refinement of our system to dissect the
intricate process is necessary for future studies.

Mitochondrial dynamics often decrease in aged tissues, a phe-
nomenon that can contribute to diminished stem cell activity and
impaired regenerative capacity. Our study highlights the crucial reg-
ulatory role of mitochondrial dynamics in maintaining cell plur-
ipotency and regeneration ability, extending our understanding of
these processes beyond cellular mechanisms to a physiological con-
text of tissue regeneration. For a considerable time, mitonuclear
imbalance has been associated with promoting longevity”*. Our
study suggests that while changes in mitochondrial dynamics lead to
mitonuclear imbalance, they may concurrently attenuate tissue
regeneration in planarians viewed as complete animals. This finding
again underscores the complex role of the mitonuclear imbalance as a
double-edged sword - while potentially contributing to longevity, it
may also impede tissue regeneration. Indeed, our study brings to light
the intricate interplay between mitochondrial dynamics, mitonuclear
balance, and their collective influence on tissue regeneration in aged
tissues. Deeper insights into these processes could pave the way for
developing strategies to modulate mitochondrial dynamics, poten-
tially enhancing regenerative capacity in aged tissues. This work stands
as a testament to the profound complexity of life at both cellular and
organismal levels, as well as the limitless possibilities for future
research in this fascinating area.

Methods

Worm husbandry and radiation treatment

Asexual S. med. (strain CIW4) specimens were maintained and propa-
gated in the dark at 20 °C in 1x Montjuic salts as previously described®.
All animals were randomly selected at 8 ~10 mm for flow cytometry
and 2 ~ 3 mm for in situ hybridization and RNAi and then starved for
7-10 days before the experiments. Animals were exposed to 12.5 Gy for
sublethal irradiation experiments using an RS2000 Pro X-ray irradia-
tion apparatus (Rad Source Technologies). Animals exposed to 60 Gy
of X-rays were used as transplant hosts as previously described®. After
transplantation, hosts were maintained in Montjuic water with 50 ug/
mL gentamicin (GeminiBio, 400-100 P), and the Montjuic water was
changed every day.

Plasmid construction and cell transfection

The full-length cDNA sequence of smed-opal (SMED30010319) codon-
optimized for human cell expression (Genewiz, Inc.) was cloned into
the vector pcDNA4-3xMyc for transfection. To perform the transfec-
tion, Hela cells were cultured in DMEM (Shanghai Basal Media Tech-
nologies Co., Ltd., L110K]) supplemented with 10% fetal bovine serum
(FBS) (Excell Bio, FSP500) at 37 °C under a 5% CO, atmosphere. HelLa
cells were seeded on coverslips in a 6-well plate and allowed to reach
70% confluence for transfection using the Lipofectamine 3000 reagent
(ThermoFisher Scientific, L3000001).

Histology

Cryosection. Planarians were anesthetized with 66% MgCl, (Sangon
Biotech, A601336-0500) for 15 seconds to ensure complete extension
of the worms. Subsequently, they were transferred to the embedding
box. The animals were then embedded in Tissue-Tek® O.C.T. Com-
pound (TYO, 4583) in the embedding box and rapidly frozen using dry
ice. Cryosections with a thickness of 12 um were obtained using a
cryostat microtome (DAKEWE, CT520) and stored at —20 °C.

Oil Red O staining. Animals with similar sizes were used for compar-
ison. Cryosections collected on glass slides were balanced to room
temperature for 30 min and then rinsed with the appropriate amount
of staining wash solution (Beyotime, C01558M-2) for 20's. The slides
were subsequently stained with Oil Red O staining solution (Beyotime,
C01558M-1) for 20 min. After staining, the slides were washed with a
staining wash solution for 30 s at room temperature. Following this,
the slides were stained with filtered Hematoxylin staining solution
(Beyotime, C0107) for 1 min, and rinsed in distilled water for 10 min.

TEM

TEM was performed as described previously*’. Worms were fixed with
a 2.5% glutaraldehyde (25% glutaraldehyde, Ted Pella Co., USA, 18426)
and 2% paraformaldehyde (16% paraformaldehyde, Ted Pella Co., USA,
18505) mixture in 0.1M cacodylate buffer at 4 °C overnight and then
subjected to secondary fixation with 1% osmium tetroxide (4% OsQO,,
Ted Pella Co., USA, 18465) in 0.1 M cacodylate buffer for 90 min on ice
in the dark. After dehydration, the worms were embedded in Spurr’s
resin and sectioned with a microtome. Finally, the sections were
imaged at 80kV on an FEI Talos L120C transmission electron
microscope.

SiRNeoblast-Mito Staining and Flow Cytometry

Cells from 8-10 mm planarian flatworms were treated as previously
described with minor modifications®*. Briefly, cells were macerated in
calcium- and magnesium-free buffer with 1% bovine serum albumin,
and debris was filtered through a 70 um cell strainer. After cen-
trifugation at 290 x g for 10 min, the cells were resuspended in isotonic
planarian medium (IPM) with 10% fetal bovine serum (FBS, CellMax
SA211.02) at the density of 4 x 10 cells/mL and incubated with SiR-DNA
(1uM, Cytoskeleton Inc.,, CY SC007) for 1hour, CellTracker dyes
(Thermo Fisher Technologies, C7025, C2110, C34551) for 10 min, and
the following mitochondrial dyes: PK Mito dyes** for 45 min, Mito-
Tracker Orange for 45min, (Thermo Fisher Technologies, M7510),
CellROX Green (Thermo Fisher Technologies, C10492) for 15 min,
MitoSOX Red (Thermo Fisher Technologies, M36008) for 10 min, and
MitoTracker Green (Thermo Fisher Technologies, M7514) for 45 min.
The sorting strategy for Mito'" and Mito"" cells is based on cell size
(FSC), internal complexity (SSC), and the PK Mito Red signal in 4N cells.
Fig. S1A shows the gating strategy to enrich the target populations. The
SSC-A/FSC-A plot displays all cells in the sample. The P1 gate enriches
intact cells, excluding cell debris. The FSC-H/FSC-A plot shows all cells
from the P1 gate. The P2 gate enriches single cells and excludes
doublets. SSC-A/DAPI-A plot displays all cells from the P2 gate. The P3
gate enriches live cells based on the signal intensity of DAPI staining.
SSC-A/APC-A (SiR-DNA) plot displays all live cells from the P3 gate. P4
gate enriches 4N cells based on higher DNA staining (SiR-DNA) inten-
sity. The SSC-A/FITC (Cell Tracker) plot displays 4N cells from the P4
gate. P5 gate enriches SiRNeoblasts with higher Cell Tracker staining
intensity. SSC-A/PE-A (PK Mito Red) plot shows SiRNeoblasts from the
P5 gate. Based on PK Mito Red staining, the P6 gate (Mito™ cells)
enriches cells with lower PK Mito intensity, and the P7 gate (Mito"e"
cells) enriches cells with higher PK Mito intensity. Since 4N cells
include both SiRNeoblasts and CTG"" cells, with the latter being
differentiation-prone and exhibiting higher PK Mito signals, using 4N
cells can distinguish between high and low levels of PK Mito signals.
Low and high gates are then set based on the distinct cut-off of CTG*"
cells. SiRNeoblasts with PK Mito signals lower and higher than this cut-
off are defined as Mito'" and Mito"e" cell populations, respectively.
These gates are applied to the SiRNeoblast population, which is used
for analyzing and sorting Mito™ and Mito"e" cell populations. These
Mito' and Mito"e" cell populations constitute approximately 90% and
8% of the SiRNeoblasts, respectively. The dynamics of Mito'® and
Mito"" cell ratio during planarian regeneration was assessed using
FACS at nine different time points after amputation: O hpa, 1 hpa, 6
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hpa, 12 hpa, 1dpa, 2 dpa, 3 dpa, 5 dpa and 7 dpa. O hpa refers to sam-
ples collected immediately after amputation. Cell composition ana-
lyses were performed using a Beckman CytoFLEX LX with the
CytExpert v2.4.0.28 software. The cell populations were classified
based on the example shown in Fig. S1 and a wild-type control was used
as a quality control for each experiment. Targeted cells were sorted
using a BD Fusion cell sorter with BD FACSDiva v9.0 software equipped
with a 100 nm nozzle and purity sort mode. The data in FACS was
analyzed with the software Flowjo v10.

In situ hybridization

Whole-mount in situ hybridization (WISH) was carried out as pre-
viously described in refs. 91,92. After 7 ~ 10 days of starvation, the
worms were subjected to the following series of steps. First, they
were incubated in a 5% N-acetylcysteine solution for 5 min to remove
mucus. The worms were then fixed in a 4% formaldehyde solution
for 45 min. After two washes in PBSTx0.5%, the worms were dehy-
drated in 50% methanol for 5 min. The samples were finally stored in
100% methanol at —20 °C before use. Samples were bleached by
exposure to a light source in a solution containing 5% formamide,
0.5x SSC, and 1.2% hydrogen peroxide for 2 hours. Following the
bleaching process, the samples were subjected to overnight hybri-
dization with DIG- and FITC-labeled probes, conducted at 56 °C.
Samples were then incubated with anti-DIG-conjugated alkaline
phosphatase (AP) antibody (Roche, 11093274910) at 4 °C overnight
for colorimetric WISH experiments. The development of color was
achieved using NBT (Roche, 11383213001) and BCIP (Roche,
11383221001). For the FISH experiment, the samples were incubated
overnight at 4 °C with anti-DIG antibodies conjugated to peroxidase
(POD) (Roche, 11207733910) or anti-FL antibodies conjugated to
peroxidase (POD) (Roche, 11426346910). The fluorescence signals
were generated by incubating the samples with tyramine-labeled
with a fluorescent tag at room temperature for one hour. To enhance
the optical clarity after signal development, a Sca/A2 solution con-
taining 75% glycerol and 2 M urea was used for colorimetric WISH. A
solution of 20% glycerol, 2.5% DABCO, and 4 M urea Sca/A2 was used
for FISH.

In situ hybridization (ISH) of sorted cells was performed as
described for WISH with minor alterations®. Cells adhered to poly-L-
lysine (50 pg/mL, Sigma-Aldrich, P1399)-coated culture plates were
fixed with 4% formaldehyde (Sigma-Aldrich, F8775) or 4% paraf-
ormaldehyde (Electron Microscopy Sciences, 15710) for 20 min.
Fluorescent signals were developed by Cy5-tyramide (Sigma-Aldrich,
PA15101) signal amplification for 10 min at room temperature.

Antibody immunostaining

For H3P immunostaining, an anti-phospho-histone H3 (Ser10) (H3P)
antibody (1:1,000, Abcam, ab32107) and an Alexa 555-conjugated goat
anti-rabbit secondary antibody (1:1,000, Abcam, ab150086) were used
to stain proliferating cells in the G2/M cell cycle phase. The anti-Smed-
PIWI-1 antibody was a gift from Dr. Jochen Rink and was used at a
1:10000 dilution.

To immunofluorescently stain cultured cells, the HeLa cells were
fixed with 4% paraformaldehyde after 24 hours of transfection. Primary
antibodies used in this study included anti-Myc antibody (1:400 dilu-
tion; 9E10, Santa Cruz) and anti-TOMM20 antibody (1:500 dilution;
ab186734, abcam). The fixed cells were incubated with the primary
antibodies overnight and secondary antibodies conjugated with Alexa
Fluor 555 (1:1000 dilution; goat anti-rabbit antibody, ab150086) or
Alexa Fluor 488 (1:1000 dilution; goat anti-mouse antibody, ab150117,
abcam) were incubated with the cells for two hours. To visualize the
cell nuclei, the cells were stained with 4,6-diamidino-2-phenylindole
(DAPI, 0.1%; ThermoFisher Scientific, D3571) for 15 min before being
mounted in Prolong gold antifade reagent (ThermoFisher Scientific,
P36934).

Cell transplantation

SiRNeoblasts were suspended in IPM with 10% FBS and diluted to a
concentration of 1,000 cells/uL. Approximately 1uL of the cell sus-
pension (~1000 cells/uL) was injected into either the postpharyngeal
midline (of asexual CIW4 hosts) or the postgonopore midline (of
sexual S2F1L3F2 hosts) at 0.75-1.0 psi (Eppendorf Femtojet) using a
borosilicate glass microcapillary (Sutter Instrument Co., B100-75-15) as
described previously*.

Microscopy and image analysis

Colorimetric WISH samples and live worms were imaged using a Leica
M205 FA stereomicroscope using Leica Application Suite X software.
Fluorescence images were obtained with Nikon C2Si laser scanning
confocal using NIS-Elements C Version 5.11.01 software, Zeiss 900
confocal using NIS Element AR 5.30.06 software, and Nikon CSU-W1
spinning-disk confocal microscopes using NIS-Elements AR
5.30.06 software. Objectives of 10x NA 0.45, 20x NA 0.75, 20x NA 0.8
and 60x NA 1.4 were used. Linear adjustments of brightness and
contrast equally across controls and experimental images. Maximum
intensity projections through areas of interest were performed using
Fiji software (version 2.0.0)%.

The procedure of Hessian-SIM imaging of mitochondria was
detailed in a previous study®. Mitochondrial images were acquired
and reconstructed using a commercial High Intelligent and Sensitive
Structured Illumination Microscope (HIS-SIM, Olympus) with a 100x
NA 1.5 oil immersion objective. The cells were seeded in a confocal dish
and maintained at room temperature for 3D-SIM imaging. To further
improve the resolution and contrast in reconstructed images, sparse
deconvolution was performed using Microscope X FINER software
with level 2 sparse analysis®™.

Analysis of mitochondrial morphological characteristics

To achieve the best identification of mitochondrial morphology, 2D
images were projected from 3D images and converted into 8-bit form.
The scale was set to microns to facilitate Fiji analysis. Then, the images
were preprocessed by Mitochondria Analyzer with the plugins ‘Sub-
tract Background’, ‘Sigma Filter Plus’, ‘Enhance Local Contrast’, and
‘Adjust Gamma’ to remove the background noise and smooth the
signals. To correctly identify mitochondria in the images, we selected a
block size set to an equivalent of 1.05 um, and the optimal C value was
empirically determined for each image with the 2D Threshold’. The
resulting binary images were used as the input for the 2D Analysis’
command to measure the ‘area’, ‘perimeter’, ‘branch length’ and
‘aspect ratio’ of the mitochondria in every cell.

T4P cloning and probe synthesis

The cDNA sequences used for cloning were referenced from Plano-
sphere, and the primers were designed with Primer3®.. All primer
sequences are listed in Supplementary Data 10. PCR products were
amplified from asexual CIW4 cDNA and ligated into the pPR-T4P vec-
tor as described previously”’. The RNA probes were synthesized by
labeling products of the reverse transcription reaction with T7 RNA
polymerase (Promega, PAP 2077) with 10x RNA labeling (DIG RNA
Labeling Mix: Roche 11277073910; Fluorescein RNA Labeling Mix:
Roche 11685619910; DNP-11-UTP: PerkinElmer NEL555001EA).

RNAIi feeding

RNAI experiments were carried out as previously described in ref. 98.
RNAi feeding material was prepared by mixing 125 pL of liver paste (9:1
liver:water) with a bacterial pellet obtained from a 50-mL HT115 bac-
terial culture expressing dsRNA. EGFP, an Aequorea victoria gene
showing no nucleotide sequence homology in planarians, was used for
control RNAi experiments. The animals were fed once every three
days, four times before sublethal irradiation treatment and six times
for homeostasis and regeneration experiments. The animals were
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starved for seven days after the last feeding before irradiation expo-
sure and amputation procedures.

qPCR
Total RNA was extracted from wild-type or RNAi worms using TRIzol
according to the manufacturer’s protocol, and 500 ng of RNA was used
to prepare cDNA. Biological replicate data obtained from qPCRsoft4.0
were averaged, and log,(fold change) values were determined by the
DDCt method by calculating the differences from the average DCt
value of the control RNAi replicate. The Ct values of the samples were
normalized to the average Ct values of the housekeeping transcripts
gapdh and B-tubulin. The primers used are listed below.

gapdh-forward: AGCTCCATTGGCGAAAGTTA

gapdh-reverse: CTTTTGCTGCACCAGTTGAA

S-tubulin-forward: TGGCTGCTTGTGATCCAAGA

B-tubulin-reverse: AAATTGCCGCAACAGTCAAATA

drpI-forward: CAAATTGCATCATCAGCGAG

drpl-reverse: TTTCACGAATCTCGCTGATG

opal-forward: AGAGACACCATGAAACC

opal-reverse: GCAGTGCCAGCAATG

mfni-forward: TAATTCGATGCTAGGACAGA

mfni-reverse: CCATTAGTGTCAGAAGTGCCC

mfn2-forward: CGGACGAACATCTAACGG

mfn2-reverse: CCCTGATTATCGTCTGTTCC

fis-1-forward: CGGAAATTGCTGTTTTACGA

fis-1-reverse: AGACAAGCTGGATCTTTTGA

artroginl-forward: AATTTTAGTCAACGCGCCTG

artroginl-reverse: GCCAAAATATAGATGCGCAC

musal-forward: GAATTCGGTTTCGCTATTGG

musal-reverse: TTTAAAGACGAGCTCCACAG

gabarap-forward: CAATTGCGTTCAGAAGATGC

gabarap-reverse: CTTTCATCACTGTACGCAAC

gabarapl 2-forward: ATGTGGATTCTAAGGAAGCG

gabarapl2-reverse: CCGTCTTCATCCCTAAAGTC

trim9-forward: TGAGATGCTACGAGAAAGTG

trim9-reverse: CTATGGCTCATTTTTGGCTC

wwpl-forward: CGTCGATGATTGGGAAAAGC

wwpl-reverse: ACTTTTGGGGCCCATTGC

wwp2-1-forward: CATGAGAGTCAAACCTAGGG

wwp2-1-reverse: CGTGTGATAGCTGGAAAAAC

wwp2-2-forward: ATCGTCTGAGTCAGCATAAC

wwp2-2-reverse: ACTCGCTTATTTCTGGGATC

maplic3c-forward: TCAAATCCGATCAGACGATC

mapllic3c -reverse: ACCAAACATTTCCTGGGAC

cathepsin [2-forward: GCTCGTCAAAAATAGTTGGG

cathepsin [2-reverse: TAGACCAAAGGATAGCTTGC

Single-cell and single nucleus sequencing and analysis

Cell samples for single-cell RNA sequencing were collected from two
conditions, each containing tissues from the different regions: (1)
Samples of sorted Mito'" and Mito"e" cells were from intact wild-type
planarian and tails, respectively; (2) Samples of sorted Mito'™" cells
from RNAi worms included tissues from the mix of heads, trunks, and
tails at 1 dpa. Single nucleus RNA sequencing samples were collected
from RNAi worms, including tissues from the mix of heads, trunks, and
tails at 1dpa. An Illumina NovaSeq 6000 was used, and ~310-320
million reads were sequenced per run. The reads were aligned to the
SMED transcriptome by CellRanger v.3.1.0 with the default
parameters”. rRNA genes (SMED30032663, SMED30027845,
SMED30032887, SMED30015328, SMED30012309, SMED30027385,
and SMED30023781) were deleted from the matrix. Cells with nFea-
ture_RNA <200 or nFeature_RNA > 6000 and genes expressed in no
more than three cells, were removed from the gene expression matrix
to build the Seurat object with Seurat package v.3.1.1'°. The data were
normalized and scaled, and the top 2000 variable features were

selected to run PCA via RunPCA with the default parameters. Then,
Harmony was used to remove batch effects from all the principal
components (PCs), and a resolution of 0.6 was used for clustering'”".
The clusters were plotted by UMAP and calculated by ten Harmony
dimensions. The function FindAlIMarkers was used to calculate cluster
markers. Differential gene analysis was conducted on single-cell RNA-
seq data using Seurat package v.3.1.1. Genes were considered sig-
nificantly downregulated if their avg_log,FC values were less than
-0.585 and upregulated if the values were greater than 0.585 with an
adjusted p value < 0.05. Results were visualized using ggplot. Heatmap
was generated in R package pheatmap (1.0.12). Single-cell RNA
sequencing libraries were generated on the 10x Genomics platform
and are available at the Gene Expression Omnibus (GEO) with the
Accession number GSE244070.

Bulk RNA sequencing

Collect worms from each RNAi group and three worms were used to
constitute one sample for three biological replicates. After obtaining
total RNA using 1.0 mL of TRIzol per tube according to the manu-
facturer’s protocol, mRNA was purified from total RNA using poly-(T)-
attached magnetic beads. Then, the NEBNext Ultra RNA Library Prep
Kit was used for library construction. Clustering of the index-coded
samples was performed on a cBot cluster generation system using a
TruSeq PE Cluster Kit v3-cBot-HS (lllumina). After cluster generation,
the library preparations were sequenced on the NovaSeq 6000 system,
and 150-bp paired-end reads were generated according to the proce-
dure provided by Novogene Inc. Raw data were aligned to the tran-
scriptome smed_20140614. The total number of reads per transcript
was calculated. Differential expression transcripts were identified
using DEseq2 in the R version 4.0.3. The results of RNA-seq analysis are
processed via Sangerbox http://sangerbox.com/home.html.

Puromycin incorporation and western blotting
Amputated opalegfp RNAI, drplegfp RNAI, opal;drpl RNAi and egf-
pregfp RNAI control animals were subjected to planarian water con-
taining 0.5 mg/mL puromycin (1:20 dilution; beyotime, ST551)'%, and
collect the samples at 1 dpa. A cycloheximide (MCE, HY-12320) control
was established using a concentration of 0.1 mg/mL*". The experiment
was replicated three times independently to ensure data reliability.
For the Western blot analysis, every six RNAi animals, approxi-
mately 4-5mm in size, were collected and transferred into 1.5mL
microcentrifuge tubes. They were then suspended in 40 pL of Medium
RIPA Lysis Buffer (GenStar, 122-01) and homogenized for 20 minutes.
Each RNAi condition contains three biological replicates. Following
this, the samples were centrifuged at 15,000 rpm for 10 minutes. The
supernatant was transferred to a new tube and the protein con-
centration was determined using the BCA assay (Genstar, E162-01). The
protein samples were then boiled at 99 °C for 10 minutes, followed by
a 4°C centrifugation for 5minutes. A total of 15ug of protein was
loaded onto SurePAGE™, BIS-tris 4-20% gels (GeneScript, MO0675).
Proteins were separated using standard sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
BioTrace™ NT nitrocellulose membranes (Pall Corporation, 55253088).
The membranes were washed three times in TBST (0.5%. Tween20 in
TBS) and then blocked in 5% milk for 1 hour before incubation with an
anti-puromycin antibody (1:10000 dilution; 12D10, Millipore) over-
night at 4 °C. The next day, membranes were incubated with a sec-
ondary HRP-conjugated Goat Anti-mouse IgG(H+L) antibody
(1:20000 dilution; ImmunityWay, RS0001) overnight. ECL Ultra (NCM,
P10200) was used for visualizing the protein bands labeled with HRP.
The nitrocellulose membranes were submerged in Ponceau S staining
solution (Biosharp, BL519A) and gently agitated for 10 minutes. After
staining, the membranes were rinsed with distilled water 2-3 times to
reveal clear bands. The Ponceau S staining served as a loading control
for the same total amount of protein loaded. Quantitative analysis of
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the protein bands obtained from GE Al680 was conducted using
ImageJ 1.54k to measure protein grayscale values. Statistical graphs
and analyses were generated using GraphPad Prism 9.0.

Metabolism and seahorse analyses

ATP detection. Amputated RNAi worms at 1dpa and 3 dpa were col-
lected and lysed in the ATP detection lysate (Beyotime, S0027). Typi-
cally, single worms of 4-5mm in length require a 150 uL lysis buffer.
Subsequently, the samples were combined with CellTiter-Glo® Lumi-
nescent Cell Viability Assay (CTG) reagent (Promega, G7570) in a 1:1
volume ratio and incubated at room temperature for 10 minutes. The
signal was measured using a Thermo Varioskan LUX microplate reader
(ThermoFisher Scientific, SIA-PRO07). Protein concentrations were
measured using the BCA kit (Genstar, E162-05). The final ATP content
of each worm is presented as ATP/protein (uM/pg).

QTOF MS for untargeted metabolomics. Approximately 40 worms
were placed in a 1.5 mL centrifuge tube for a single sample. Four bio-
logical replicates were set for each condition. Before the experiment,
the samples were carefully weighed to ensure they had a similar weight
of 30 mg. To initiate the extraction process, 400 pL of 80% (v/v) HPLC-
grade methanol (pre-cooled to —80 °C) was added to the 1.5 mL cen-
trifuge tube. The samples were then ground at 4 °C for approximately
1-2 min until dissolved in methanol. The samples were then left over-
night at =80 °C. Following this, the samples underwent centrifugation
at 14,000 g for 20 minutes, after which the supernatant was trans-
ferred to a new 1.5 mL centrifuge tube. Speedvac was used to dry the
pellet at room temperature without heat. The pellets were dried using
a Speedvac at room temperature without heating. Finally, the samples
were stored at —80 °C. Each sample was dissolved in 100 pL of 80%
methanol and loaded onto an amide chromatography column for
QTOF MS analysis.

The detailed analysis was performed using an LC-MS system,
which includes an Agilent 1290 Infinity Il UHPLC system and an Agilent
6545 Q-TOF/MS (Agilent). The chromatography column was an
ACQUITY UPLC BEH Amide (100 mm x2.1 mm, 1.7 um). The mobile
phase consists of 15 mM ammonium acetate-0.3% NH3-H,O in water (A)
and 15 mM ammonium acetate-0.3% NH3-H,O in 9:1 acetonitrile/water
(B), with a flow rate of 0.3 mL/min. The column was eluted with 95%
mobile phase B for 1 min, followed by a linear gradient to 50% mobile
phase B over 8 min, then 50% mobile phase B for 3 min, and a linear
gradient back to 95% mobile phase B over 0.5 min, followed by 95%
mobile phase B for 1.5 min. The injection volume was 5 pL.

Mass spectrometry data were acquired in the mass range of 50-
1250 m/z using electrospray ionization in both positive and negative
ion modes. Other MS settings included: sheath gas temperature
350 °C, sheath gas flow 11 L/min, VCap 4000 V, nozzle voltage 1000V,
gas temperature 350 °C, nebulizer gas 30 psi, drying gas flow 8 L/min,
fragmentor 110 V, and skimmer 65 V. Raw data were processed using
Profinder 10.0 (Agilent) for peak detection, alignment, and integration.
The raw data and processed data are shown in Supplementary Data 9.

Seahorse assays. The Seahorse XFe96 Analyzer (Agilent-Sea horse
Bioscience) and Seahorse XFe96/XF Pro FluxPak Mini (Agilent, 103793-
100) were used to measure the mitochondrial oxygen consumption rate
(OCR) and Extracellular Acidification Rate (ECAR) for worms with RNAi
treatment. The instrument temperature was set to 25°C one day in
advance. To prepare the culture plate, it was coated with 25 pL of 25 pg/
mL polyethyleneimine (PEI) overnight at 4 °C. The tails of RNAi worms
were then transferred into the culture plate one day after amputation in
1x Montjuic salt solution. The culture plate was incubated in an incu-
bator for 30 min at 25 °C. ECAR was measured both in basal conditions
and after the injection of 200 mM D-glucose, 5uM oligomycin, and
100 mM 2-deoxyglucose (2-DG). The OCR was measured under basal
conditions and after the step-wise addition of oligomycin (5pM),

carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (1pM),
and Sodium azide (NaN3z) (50 mM). The collected data were analyzed
using the Seahorse Wave controller software (Agilent Technologies,
Seahorse Bioscience).

Statistical analyses

Microsoft Excel Professional Plus 2021 and GraphPad Prism 9.0 were
used for statistical analysis. The data in all graphs are shown as the
mean = SEM. An unpaired two-tailed Student’s ¢ test was used to
determine the significance of differences between two conditions.
One-way ANOVA followed by Tukey’s multiple comparisons were used
to determine the significance of the difference in the analysis of lipid
droplets. Two-way ANOVA followed by Sidak multiple comparisons
were used to determine the significance of differences in the
Seahorse assay.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw sequencing data generated in this study are available at the GEO
with the Accession number GSE244070. Data supporting the findings
of this study are provided in Supplementary data files and Source data
files. Source Data are provided with this paper and in the Zenodo
database publicly (https://zenodo.org/records/14058603)'. Source
data are provided with this paper.

Code availability

All codes and a README file with detailed explanations of the code
structure and functionality are available at: https://github.com/
leilabteam/mitoproject. The codes can also be accessed via Zenodo
(https://zenodo.org/records/14058603)'%,
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