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Mitochondrial fission and fusion are highly regulated by energy
demand and physiological conditions to control the production,
activity, and movement of these organelles. Mitochondria are
arrayed in a periodic pattern in Caenorhabditis elegansmuscle, but
this pattern is disrupted by mutations in the mitochondrial fission
component dynamin DRP-1. Here we show that the dramatically
disorganized mitochondria caused by a mitochondrial fission-
defective dynamin mutation is strongly suppressed to a more pe-
riodic pattern by a second mutation in lysosomal biogenesis or
acidification. Vitamin B12 is normally imported from the bacterial
diet via lysosomal degradation of B12-binding proteins and trans-
port of vitamin B12 to the mitochondrion and cytoplasm. We show
that the lysosomal dysfunction induced by gene inactivations of
lysosomal biogenesis or acidification factors causes vitamin B12
deficiency. Growth of the C. elegans dynamin mutant on an
Escherichia coli strain with low vitamin B12 also strongly sup-
pressed the mitochondrial fission defect. Of the two C. elegans
enzymes that require B12, gene inactivation of methionine syn-
thase suppressed the mitochondrial fission defect of a dynamin
mutation. We show that lysosomal dysfunction induced mitochon-
drial biogenesis, which is mediated by vitamin B12 deficiency and
methionine restriction. S-adenosylmethionine, the methyl donor
of many methylation reactions, including histones, is synthesized
from methionine by S-adenosylmethionine synthase; inactivation
of the sams-1 S-adenosylmethionine synthase also suppresses the
drp-1 fission defect, suggesting that vitamin B12 regulates mito-
chondrial biogenesis and then affects mitochondrial fission via
chromatin pathways.
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The mitochondrion generates energy, supplies biosynthetic
intermediates to carbohydrate, amino acid, steroid, and fat

metabolic, and anabolic pathways, and produces iron sulfur
clusters. The various demands of metabolic intermediates and
ATP in different cell types and under different conditions has led
to a complex regulation of mitochondrial production, localiza-
tion, and dynamics. Mitochondria are highly dynamic and un-
dergo regulated fusion and fission to change their abundance
and localization in particular cells or subcellular locations where
energy needs are high, or to scavenge other mitochondria dam-
aged by free radicals, for example. Fusion can sustain mito-
chondrial function under aging and other conditions that damage
mitochondria because fused mitochondria can compensate for
organelle damage by sharing functional components (including
mitochondrial DNA, RNAs, and proteins); fission contributes to
quality control by segregating damaged mitochondria for deg-
radation and also facilitating new mitochondria generation. The
balance between fission and fusion may be disrupted during
aging as age-dependent neurodegenerative diseases disrupt
mitochondrial dynamics (1–3).
Mitochondrial fusion and fission are mediated by evolutionally

conserved dynamin family guanosine triphosphatases (GTPases).

Caenorhabditis elegansDRP-1 (DRP, dynamin-related protein) is
a cytosolic dynamin that mediates mitochondrial fission, during
which DRP-1 is recruited to the mitochondrial outer membrane
to form spirals that constrict and sever the organelle (4–6). Two
other C. elegans GTPases, FZO-1 (Mitofusion 1, or MFN1 in
mammals) and EAT-3 (Optic Atrophy 1, or OPA1 in mammals),
mediate the opposite activity of the fission–fusion cycle of mi-
tochondria: fusion of mitochondrial outer and inner membranes,
respectively. Other receptors and mediators have been identified
by genetic analysis in yeast of the pathways for mitochondrial
fusion and fission, although many are not conserved in animals
(1–3).
Here we show that a dynamin mutation that disrupts mito-

chondrial fission causes a dramatic tangling of the normally pe-
riodic pattern of mitochondria in C. elegansmuscle cells, and that
many gene inactivations or drugs that cause lysosomal dysfunc-
tion strongly suppress these mitochondrial defects to a highly
periodic pattern. The lysosome is also a membrane-bound sub-
cellular organelle. It serves as the scavenger of the cell to de-
grade components, and in defense against bacteria and viruses.
As an intracellular digestive system, its function requires the
acidification of the lysosomal lumen via a membrane-anchored
proton pump, the vacuolar H+-ATPase (V-ATPase) (7), to in
turn activate acid proteases. These acidified vesicles contain
hydrolytic enzymes that can break down various macromole-
cules. The lysosome also delivers small-molecule nutrients by
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degradation of extracellular or intracellular substrates. For ex-
ample, in mammals vitamin B12 is retrieved from the diet by the
lysosome (8). We find that in C. elegans, dietary vitamin B12
deficiency, similar to lysosomal dysfunction, can also strongly
suppress the mitochondrial dynamics defect of a mitochondrial
fission mutant. Dietary B12 supplementation effectively reduces
the mitochondrial abnormalities, developmental and locomotion
defects in lysosomal defective animals. Vitamin B12, or cobala-
min, is an essential animal micronutrient that is exclusively syn-
thesized by bacteria and archaea (9, 10). Within animal cells, B12

is a cofactor for methionine synthase (MTR) that catalyzes the
methylation of homocysteine to methionine in the cytosol (11);
and methylmalonyl-CoA mutase (MCM), that catalyzes the
methylmalonyl-CoA to succinyl-CoA reaction in the catabolism
of branched chain amino acids, odd-chain fatty acids, and cho-
lesterol in the mitochondrion (12). MTR and MCM are encoded
by C. elegans metr-1 and mmcm-1, respectively. We found that
inactivation of metr-1 but not mmcm-1 recapitulated the sup-
pression of dynamin fission defects by B12 deficiency. Thus, vi-
tamin B12 deficiency caused by lysosomal dysfunction or vitamin
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Fig. 1. Inactivation of the vacuolar ATPase spe-5 suppresses drp-1 lethality and mitochondrial fission defects. (A and B) Viability of wild-type (WT) and drp-
1(or1393) in control versus spe-5(RNAi) at indicated temperatures. Mean ± SD from at least three biological replicates. n = 80∼120 for each data point. (Scale
bar, 1 mm.) (C) Mitochondrial morphology of wild-type and drp-1(tm1108) in control versus spe-5(RNAi) in a single body wall muscle cell. Mitochondria are
visualized by a mitochondrial outer membrane localized mRFP fusion protein. (Lower) Plot profiles of the cross sections indicated by yellow lines. Criterion for
a peak: Peak to trough (both sides) > 20 gray value units (y units). (Scale bar, 5 μm.) (D) Percentage of mitochondria with fragmented, elongated or tubular
morphology in wild-type and drp-1(tm1108) in body wall muscles. The total numbers of mitochondria observed are indicated at the bottom of each bar. (E)
Percentage of mitochondria with tubular morphology in drp-1(tm1108) body wall muscles after indicated RNAi treatments. The total numbers of mito-
chondria observed are indicated at the bottom of each bar. Mean ± SD ***P < 0.001. (F) Peak numbers for the plot profiles of mitochondrial morphology in
indicated animals. Mean ± SD ****P < 0.0001. n = 40∼50 for each group. (G) Mitochondrial lengths in body wall muscles in indicated animals. Mitochondrial
lengths were calculated by MiNA toolset. Median with 95% CI Mann–Whitney U test. ****P < 0.0001. N indicates the sample size.
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B12 dietary deficiency decreases the activity of MTR. This de-
crease in methionine synthesis induces mitochondrial biogenesis
and fission activity, which suppresses the loss of dynamin-
mediated mitochondrial fission.

Results
Inactivation of spe-5 Vacuolar ATPase Suppresses the Lethality and
Mitochondrial Fission Defects of a drp-1/Mitochondrial Dynamin
Mutant. drp-1(or1393) is a temperature-sensitive allele with a
conserved glycine to glutamic acid (G39E) substitution mutation
in the N-terminal dynamin domain. This mutation causes high
penetrance lethality at the nonpermissive temperature (13)
(Fig. 1 A and B and SI Appendix, Fig. S1A). Because DRP-1 is a
key mediator of mitochondrial fission, gene activities that regu-
late DRP-1 activity or the process of mitochondrial fission or
fusion may affect the penetrance of drp-1(or1393) lethality. We
performed an RNA interference (RNAi) screen to identify gene
inactivations that suppress the fission defects of the drp-
1(or1393) mutant (SI Appendix, Fig. S1B). We found similarity
between the mitochondrial fission defects of a drp-1 mutant and
a dynein heavy-chain gene dhc-1 mutant; gene inactivation of
dhc-1 causes mitochondrial fission defects that disrupt the peri-
odic pattern of muscle mitochondria as strongly as a drp-1 gene
inactivation or mutation (SI Appendix, Fig. S1C), suggesting that
DHC-1 also functions in mitochondrial fission. Thus, we could
utilize a previous genome-scale RNAi screen for suppression of
dhc-1 lethality that identified 49 gene inactivations (14); these
genes were candidates to also suppress drp-1 lethality and mi-
tochondrial fission defects. We tested the 49 dhc-1 suppressor-
gene inactivations on drp-1(or1393) (SI Appendix, Fig. S1B). Of
these 49 candidate genes, we found that inactivations of spe-5/
vacuolar ATPase and C42C1.3 partially suppressed the lethality
of drp-1(or1393) at 23 °C (SI Appendix, Fig. S1D). Inactivation
of spe-5/vacuolar ATPase increased the viability of drp-1(or1393)
at the nonpermissive temperature 23 °C by fivefold, but did not
affect wild-type (Fig. 1 A and B). spe-5 inactivation also suppressed
the lethality of another widely used loss-of-function allele,
drp-1(tm1108) (SI Appendix, Fig. S1E). C42C1.3 is uncharacterized
and worm-specific. We did not further study this hit.
Mitochondria in body wall muscles can be visualized with

mitochondrial red fluorescent protein (RFP) fusion proteins that
form a highly periodic 2D network in wild-type with strong
fluorescent peaks ∼0.4 μm wide and ∼13.5-μm long, where mi-
tochondria are localized along sarcomere, and nonfluorescent
troughs ∼1.3-μm wide that have no mitochondria (Fig. 1C). In
wild-type, muscle mitochondria are localized in multiple parallel
arrays along the sarcomeres of muscles, as visualized in one
muscle cell in each panel of Fig. 1C by an RFP protein fused at
the N terminus of the translocase of outer mitochondrial mem-
brane TOMM-20 (Fig. 1 C and D and SI Appendix, Fig. S1F).
The drp-1 mutation causes defects in mitochondrial fission so
that mitochondria fuse more than normal into an elongated and
very tangled, nonparallel morphology in more than 90% of
muscle mitochondria (Fig. 1 C and D). Inactivation of spe-5
strongly suppressed the mitochondrial fission defects in drp-
1(tm1108); ∼25% of mitochondria were restored to a highly
parallel, tubular-like morphology that are more like wild-type
(Fig. 1 C and E and SI Appendix, Fig. S2).
To more precisely quantitate a periodic or aperiodic mito-

chondrial network in suppressed mitochondrial fission mutants
or the mitochondrial fission mutant, respectively, we profiled the
pattern of fluorescence across six cross-sections per muscle cell
image to display the periodic placement of mitochondria. While
highly parallel, tubular-like mitochondria of wild-type C. elegans
displayed periodic TOMM-20 peaks from the plot profiles of the
cross-sections of the morphology images, the elongated and
tangled mitochondria of drp-1 fission-defective animals showed
far fewer TOMM-20 peaks from the plot profiles of mitochondrial

morphology images (Fig. 1C and SI Appendix, Fig. S2). drp-
1(tm1108) animals had ∼1.9 TOMM-20 peaks on average in
each muscle cell image, whereas wild-type animals showed
∼7.0 TOMM-20 peaks on average. Inactivation of spe-5 in-
creased the average number of TOMM-20 peaks to almost five
peaks per cell in drp-1(tm1108), or about 2.5× more than drp-
1(tm1108) (Fig. 1F), suggesting the mitochondrial fission defect
in drp-1(tm1108) was ameliorated by spe-5 inactivation. An
independent measure of the suppression of fission defects was
to determine mitochondrial lengths. The mitochondria are
highly tangled in drp-1(tm1108), which makes it impossible to
measure the mitochondrial lengths from simple photographic
images. We used a Mitochondrial Network Analysis (MiNA)
toolset to generate a morphological skeleton for the mito-
chondrion to calculate the mitochondrial lengths by ImageJ
(15). We found that increased mitochondrial lengths by DRP-1
dysfunction was suppressed by spe-5 inactivation (Fig. 1G).
These results suggest the involvement of spe-5/vacuolar ATPase
in mitochondrial fission regulation.
Mitochondrial function is tightly surveilled in eukaryotes. If

mitochondrial dysfunction is detected, cells activate a series of
responses, including the mitochondrial unfolded protein re-
sponse (mtUPR). HSP-6 is one of the mitochondrial chaperones
that mediates the mtUPR (16, 17). Phsp-6::GFP was strongly
induced in drp-1(tm1108) (SI Appendix, Fig. S3A). If spe-5 in-
activation suppressed the mitochondrial fission defects of drp-1,
it should also alleviate the mtUPR induced by drp-1 deficiency.
Indeed, gene inactivation of spe-5 reduced Phsp-6::GFP induc-
tion twofold in drp-1(tm1108) (SI Appendix, Fig. S3A). In con-
trast, spe-5 depletion did not decrease and in fact slightly
increased Phsp-6::GFP expression in wild-type (SI Appendix, Fig.
S3A). Consistent with the reporter gene, the induction of en-
dogenous mitochondrial chaperone genes hsp-6 and hsp-60 by
drp-1 depletion were suppressed by spe-5 inactivation. (SI Ap-
pendix, Fig. S3B). Consistent with the lower mitochondrial stress
in the drp-1(tm1108);spe-5 (RNAi) strain, we found that inacti-
vation of spe-5 increased mitochondrial membrane potential in
drp-1(tm1108) (SI Appendix, Fig. S3C).

V-ATPase Dysfunction Suppresses drp-1 Lethality and Mitochondrial
Fission Defects. spe-5 encodes a subunit B of the vacuolar
V-ATPase (18), suggesting that V-ATPase activity or the activity
of the lysosome might regulate mitochondrial dynamics. Al-
though spe-5 was identified based on its essential function in
spermatogenesis, and is most strongly expressed in the male
germline, spe-5 is also expressed in the fem-3 loss-of-function sex
determination mutant which has nonmale soma and germline
(18), and gene-expression analysis shows that spe-5 is expressed
in particular neurons and intestine (19–21). Thus, SPE-5 is
expressed more broadly and could act more generally in vacuolar
ATPase function, in addition to its known role in spermato-
genesis. Our findings that spe-5 gene inactivation suppresses the
mitochondrial fission defects of drp-1(tm1108) muscle are con-
sistent with a broader function than spermatogenesis (Fig. 1 C
and E–G and SI Appendix, Fig. S2). To further test the in-
volvement of the lysosome in mitochondrial fission and fusion
regulation, we tested if inactivation of other lysosomal subunits
can suppress the fission defects of drp-1. RNAi gene inactivation
of multiple other V-ATPase subunit genes also suppressed drp-1
lethality (Fig. 2A). Consistent with the suppression of lethality,
these V-ATPase gene inactivations restored the tangled non-
parallel mitochondria of the drp-1(tm1108) mutant to a more
parallel tubular morphology (Fig. 2 B and C). The suppression by
V-ATPase gene inactivations was most obvious in the number
of TOMM-20 peaks from the plot profiles of mitochondrial mor-
phologies, which increased approximately threefold by V-ATPase
gene inactivations in drp-1(tm1108) (Fig. 2D).
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Consistent with this periodicity analysis, V-ATPase gene in-
activations decreased mitochondrial lengths in drp-1(tm1108)
(Fig. 2E). Drug inhibition of vacuolar V-ATPase activity with
bafilomycin A1 (BafA1) (22) or concanamycin A (CMA) (23)
also suppressed drp-1 lethality but had no effect on wild-type
(SI Appendix, Fig. S4 A and B). BafA1 and CMA treatment

suppressed the mitochondrial fission defects in drp-1(tm1108),
increasing the percentage of mitochondria with a parallel tubular
morphology by approximately twofold (Fig. 2 F and G). Simi-
larly, BafA1 and CMA treatment increased the number and
periodicity of TOMM-20 peaks from the plot profiles of mito-
chondrial morphologies (Fig. 2H) and decreased mitochondrial
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Fig. 2. V-ATPase dysfunction suppresses drp-1 lethality and mitochondrial fission defects. (A) Viability of wild-type (WT) or drp-1(or1393) after V-ATPase
gene inactivations at 23 °C. Mean ± SD from at least three biological replicates. n = 80∼120 for each data point. **P < 0.01, *P < 0.05. (B) Mitochondrial
morphology in drp-1(tm1108) body wall muscles after indicated RNAi treatment. Arrows indicate some examples of nice parallel mitochondrial structure.
(Scale bar, 5 μm.) (C) Percentage of mitochondria with tubular morphology in drp-1(tm1108) body wall muscles after indicated RNAi treatments. The total
numbers of mitochondria observed are indicated at the bottom of each bar. Mean ± SD **P < 0.01. (D) Peak numbers for the plot profiles of mitochondrial
morphology in indicated animals. Mean ± SD ****P < 0.0001. n = 40∼50 for each group. (E) Mitochondrial lengths in body wall muscles in indicated animals.
Mitochondrial lengths were calculated by MiNA toolset. Median with 95% CI Mann–Whitney U test. ****P < 0.0001, ***P < 0.001, **P < 0.01. N indicates the
sample size. (F) Mitochondrial morphology in drp-1(tm1108) body wall muscles with DMSO, BafA1, or CMA treatment. DMSO, solvent control; BafA1,
bafilomycin A1; CMA, concanamycin A. Arrows indicate some examples of nice parallel mitochondrial structure. (Scale bar, 5 μm.) (G) Percentage of mito-
chondria with tubular morphology in drp-1(tm1108) body wall muscles after DMSO, BafA1, or CMA treatment. The total numbers of mitochondria observed
are indicated at the bottom of each bar. Mean ± SD ***P < 0.001. (H) Peak numbers for the plot profiles of mitochondrial morphology in drp-1(tm1108) body
wall muscles after DMSO, BafA1, or CMA treatment. Mean ± SD ****P < 0.0001. n = 40∼50 for each group. (I) Mitochondrial lengths in drp-1(tm1108) body
wall muscles after DMSO, BafA1, or CMA treatment. Mitochondrial lengths were calculated by MiNA toolset. Median with 95% CI Mann–Whitney U test.
****P < 0.0001, ***P < 0.001. N indicates the sample size.
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lengths in drp-1(tm1108) (Fig. 2I), suggesting mitochondrial fis-
sion defects in drp-1(tm1108) were suppressed by these
V-ATPase activity inhibitors. Disrupting V-ATPase activity by
gene inactivation or chemical inhibitor treatment decreased the
induction of Phsp-6::GFP and endogenous mitochondrial chap-
erone genes hsp-6 and hsp-60 in drp-1(tm1108) (SI Appendix, Fig.
S4 C–F), suggesting that the mitochondrial defects normally
caused by a decrease in drp-1 activity are ameliorated by also
inducing vacuolar V-ATPase dysfunction. V-ATPase dysfunction
by gene inactivation or chemical inhibitor treatment increased
mitochondrial membrane potential in drp-1(tm1108) (SI Ap-
pendix, Fig. S5), suggesting that mitochondrial functions were
improved. Overall, these data show that the activity of the key
proton pump of the lysosome, the vacuolar V-ATPase, regulates
the mitochondrial overfusion defect caused by DRP-1 dynamin-
mediated mitochondrial fission dysfunction.

Lysosomal Activity Affects Mitochondrial Dynamics.V-ATPase is the
multisubunit proton pump that acidifies the lysosome. To further
test the involvement of the lysosome in mitochondrial dynamics,
we examined more factors that regulate lysosomal biogenesis or
activity. HLH-30, the C. elegans ortholog of the transcription

factor EB (TFEB), is a master regulator of lysosomal biogenesis
(24). LMP-1 (LAMP-1 in mammals) and LMP-2 (LAMP-2 in
mammals) (lysosomal-associated membrane protein 1 and 2,
respectively) constitute ∼50% of the lysosomal membrane pro-
teins and are required for lysosomal biogenesis and maintaining
lysosome integrity (25, 26). We found that inactivations of hlh-
30, lmp-1, and lmp-2 each suppressed the mitochondrial fission
defects caused by drp-1 deficiency, increasing the percent of
mitochondria with a parallel tubular morphology by four- to
fivefold (Fig. 3 A and B). The numbers of TOMM-20 peaks from
the plot profiles of mitochondrial morphologies in drp-1(tm1108)
were increased by approximately threefold by inactivations of
hlh-30, lmp-1, or lmp-2 (Fig. 3C). Consistent with the restoration
of a periodic mitochondrial morphology by lysosomal dysfunc-
tion, these lysosomal gene inactivations decreased mitochondrial
lengths in drp-1(tm1108) (Fig. 3D), suggesting that mitochondrial
fission defect in drp-1(tm1108) was ameliorated by lysosomal
dysfunction. Inactivations of hlh-30, lmp-1, and lmp-2 mildly
suppressed the induction of Phsp-6::GFP and endogenous hsp-6
and hsp-60 expression in drp-1(tm1108) (SI Appendix, Fig. S6 A
and B), suggesting that the mitochondrial homeostasis in drp-
1(tm1108) were improved by disruption of lysosomal activity.

A B C

D E

F

Fig. 3. Lysosomal activity affects mitochondrial dynamics. (A) Mitochondrial morphology in drp-1(tm1108) body wall muscles after indicated RNAi treatment.
Arrows indicate some examples of nice parallel mitochondrial structure. (Scale bar, 5 μm.) (B) Percentage of mitochondria with tubular morphology in drp-
1(tm1108) body wall muscles after indicated RNAi treatments. Mean ± SD **P < 0.01. (C) Peak numbers for the plot profiles of mitochondrial morphology in
indicated animals. Mean ± SD ****P < 0.0001. n = 40∼50 for each group. (D) Mitochondrial lengths in body wall muscles in indicated animals. Mitochondrial
lengths were calculated by MiNA toolset. Median with 95% CI Mann–Whitney U test. ****P < 0.0001, **P < 0.01. N indicates the sample size. (E) Mito-
chondrial morphology in body wall muscles after indicated RNAi treatment. (Scale bar, 5 μm.) (F) Lengths of mitochondria after indicated gene inactivations
by RNAi in N2 (wild-type). n = 15∼40, Median with 95% CI Mann–Whitney U test. ****P < 0.0001.
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Similarly, lysosomal dysfunction by inactivations of hlh-30, lmp-1,
or lmp-2 increased mitochondrial membrane potential in drp-
1(tm1108) (SI Appendix, Fig. S6C), suggesting improvement of
mitochondrial function.
We speculated that lysosomal activity might act in mitochon-

drial fission, for example, by lysosomal-mediated mitophagy.
However, we found that inactivations of the mitophagy pathway
genes including the mitochondrial phosphatase and tensin-
induced kinase 1 (PINK-1), the cytosolic E3 ubiquitin ligase
Parkin (PDR-1), or the Atg6/Vps30/Beclin1 homolog BEC-1 did
not suppress the lethality or mitochondrial fission defects in drp-
1-defective animals (SI Appendix, Fig. S6 D–F). It makes sense

that a mitophagy defect does not affect mitochondrial mor-
phology in drp-1-depleted animals because DRP-1–dependent
mitochondrial fission is a prerequisite for mitophagy (27).
Thus, dysfunction in mitophagy could not rescue a drp-1 mutant
defect in mitochondrial fission.
Because either inhibition of vacuolar V-ATPase activity or

disruption of lysosomal biogenesis/integrity suppresses the mi-
tochondrial fission defects of drp-1/dynamin mutant, a reason-
able model is that lysosomal dysfunction promotes mitochondrial
fission so as to rebalance the fusion–fission events in the drp-1
mutant. Indeed, we found that inactivations of V-ATPase subunit
genes or lysosomal biogenesis/integrity genes caused a modest

A

B C D
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Fig. 4. Vitamin B12 deficiency increases mitochondrial fission and suppresses drp-1 defects. (A) Viability of wild-type (WT) or drp-1(tm1108) fed on E. coli
HT115 (B12-proficient) or E. coli OP50 (B12-deficient) with or without B12 supplementation. adoCbl, adenosylcobalamin; meCbl, methylcobalamin. The final
concentration of adoCbl or meCbl supplemented to the culture plates is 12.8 nM. Mean ± SD from at least three biological replicates. n = 90∼120 for each
data point. ***P < 0.001. (B) Mitochondrial morphology in body wall muscles in drp-1(tm1108) (Upper) or wild-type (Lower) fed on E. coli HT115 or E. coli
OP50 with or without B12 supplementation. Arrows indicate some examples of nice parallel mitochondrial structure in drp-1(tm1108) on E. coli OP50. (Scale
bar, 5 μm.) (C and E) Mitochondrial lengths in body wall muscles in drp-1(tm1108) (C) or wild-type (E) animals fed on E. coli HT115 or E. coli OP50 with or
without B12 supplementation. Mitochondrial lengths were calculated by MiNA toolset. Median with 95% CI Mann–Whitney U test. ****P < 0.0001. N in-
dicates the sample size. (D) Peak numbers for the plot profiles of mitochondrial morphology in drp-1(tm1108) animals fed on E. coli HT115 or E. coli OP50 with
or without B12 supplementation. Mean ± SD ****P < 0.0001. n = 40∼50 for each group. (F) Vitamin B12 metabolic pathways. C. elegans genes are in
orange italics.
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increase in mitochondrial fragmentation in an otherwise wild-type
background (Fig. 3 E and F). However, the mitochondrial
fragmentation caused by lysosomal dysfunction was less severe
than that caused by disruption of eat-3, which encodes the
homolog of the mitochondrial inner membrane fusion dynamin
OPA1 (Fig. 3 E and F), suggesting that lysosome does not directly
function in mitochondrial fission–fusion, or other regulatory pathways
are also involved.

Vitamin B12 Deficiency Increases Mitochondrial Fission and
Suppresses drp-1 Defects. Escherichia coli bacteria are the stan-
dard laboratory food source for C. elegans. The most common C.
elegans diet in the laboratory is OP50, an E. coli B-type strain
(28), whereas an E. coli K12-derived RNase III-deficient strain
HT115 is used for RNAi screens. Most C. elegans genetic analysis
and day-to-day maintenance of strains is done on OP50 E. coli B,
which is then switched to HT115 for feeding RNAi experiments.
We noticed that the drp-1 loss-of-function (lf) mutant, drp-
1(tm1108) [drp-1(lf) hereafter] grew faster and with more via-
bility on E. coli OP50 than on E. coli HT115 (Fig. 4A and SI
Appendix, Fig. S7A). drp-1(lf) grown on E. coli OP50 induced
Phsp-6::GFP less than those grown on E. coli HT115 (SI Ap-
pendix, Fig. S7 B, Upper), suggesting that E. coli B supplies or
lacks a key molecule that mediates the mitochondrial abnor-
malities in drp-1(lf). Consistent with the improved growth and
viability on E. coli OP50, the highly tangled mitochondria in drp-
1(lf) was suppressed by feeding on E. coli OP50 compared to
E. coli HT115 (Fig. 4 B, Upper, and Fig. 4C). The TOMM-20
peaks from the plot profiles of mitochondrial morphologies in
drp-1(lf) were increased by 2.4-fold by feeding on E. coli OP50
compared to E. coli HT115 (Fig. 4D), suggesting that mito-
chondrial fission defect in drp-1(lf) was ameliorated by feeding
on E. coli OP50 diet compared to E. coli HT115.
There are many genetic differences between E. coli B and

E. coli K12, but one difference that has been noted is that E. coli
B supplies low amounts of vitamin B12 to C. elegans (29–31).
E. coli strains do not carry the biosynthetic operons for B12
synthesis but hundreds of disparate bacterial species synthesize
vitamin B12 (32). In many animals, including C. elegans and
humans, vitamin B12 is exclusively obtained from bacteria or
diets and is necessary for a variety of methyl transfer reactions.
E. coli strains in natural ecosystems obtain vitamin B12 from
other organisms. In the laboratory, E. coli transports vitamin B12
from the growth media. However, the E. coli B-type strain has
greatly reduced vitamin B12 transport and uptake from the
growth medium, which is usually supplemented with peptone to
provide vitamins and other nutrients essential for growth (33).
E. coli K12 appears to take up higher levels of vitamin B12 from
the bactopeptone growth media on worm plates to supply to the
animals (29–31).
As a micronutrient, the endogenous vitamin B12 level is very

low and thus hard to quantify directly and accurately. However,
B12 deficiency compromises the MCM-mediated mitochondrial
propionic acid breakdown pathway and activates a propionate
shunt; the first step of this pathway is carried out by acyl-CoA
dehydrogenase ACDH-1 (Fig. 4F) (34). Pacdh-1::GFP has been
used as a reporter of cellular B12 supply (30, 31). C. elegans
grown on E. coli OP50 strongly induced Pacdh-1::GFP, but this
gene fusion is much more weakly expressed in animals feeding
on E. coliHT115, a K12 strain (SI Appendix, Fig. S8 A, Upper and
SI Appendix, Fig. S8C). This demonstrates the dietary B12 de-
ficiency for animals on E. coli OP50 but not on E. coli HT115.
To test whether the dramatic difference in the mitochondrial

defects of drp-1(lf) on the E. coli K12 HT115 (B12-proficient)
and E. coli B OP50 (B12-deficient) diets is caused by the B12
supply rather than by other differences between these two E. coli
strains, we supplemented the E. coli OP50 diet with vitamin B12.
Vitamin B12 adenosylcobalamin (adoCbl) or methylcobalamin

(meCbl) are interconvertible within animal cells (31, 35, 36), and
we found that either form of B12 supplementation effectively
complemented the dietary B12 deficiency on E. coli OP50, as
indicated by Pacdh-1::GFP expression (SI Appendix, Fig. S8 A,
Upper and SI Appendix, Fig. S8 C and D). Feeding on E. coli
HT115 (B12-proficient) diet or on E. coli OP50 supplemented by
B12 also suppressed the Pacdh-1::GFP induction, suggesting that
possible differences in metabolizing B12 in these E. coli strains
are not the cause of the different phenotypes we observed above.
We found that either adoCbl or meCbl supplementation abol-
ished the suppression of drp-1(lf) lethality by an E. coliOP50 diet
(Fig. 4A). In addition, B12 supplementation suppressed the de-
crease of Phsp-6::GFP induction in drp-1(lf) grown on E. coli
OP50 (SI Appendix, Fig. S7 B, Upper). Consistent with suppres-
sion of mtUPRs, we observed that the suppression of the drp-
1(lf) mitochondrial disorganization and fission defect by feeding
on E. coli OP50 was abrogated by B12 supplementation
(Fig. 4 B–D), indicating that the E. coli OP50 diet-caused B12 de-
ficiency leads to the better growth and mitochondrial improvement
in drp-1(lf).
We tested the effects of B12 deficiency on mitochondrial dy-

namics. We found that wild-type animals grown on E. coli OP50
had mildly increased mitochondrial fragmentation, which could
be complemented by exogenous B12 supplementation (Fig. 4 B,
Lower), as has been observed (37). Moreover, Phsp-6::GFP was
slightly induced on an E. coli OP50 diet, indicating mild mito-
chondrial dysfunction caused by B12 deficiency (SI Appendix,
Fig. S7 B, Lower). In addition, synchronized animals grown on
E. coli OP50 were shorter than those on B12 plus diets (SI Ap-
pendix, Fig. S7 B, Lower), suggesting development is mildly
compromised under B12 deficiency, as noted previously (29, 31).

Lysosomal Retrieval of Vitamin B12. In mammals, dietary vitamin
B12 is first internalized by carrier proteins, including intrinsic
factor and transcobalamin. The B12 bound to carrier protein is
transported into the lysosome, where the carrier proteins are
degraded by acid proteases to liberate B12 into the cytoplasm,
where it is modified to adoCbl or meCbl (Fig. 4F) (8). The en-
zymes that use vitamin B12 as a cofactor are broadly conserved,
MTR and MCM (Fig. 4F).
Lysosomal function is required for B12 supply in C. elegans.

Treating animals with the V-ATPase inhibitors CMA or BafA1
induced Pacdh-1::GFP on an E. coli HT115 B12-proficient diet
(SI Appendix, Fig. S9A). Lysosomal dysfunction by genetic mu-
tations or inactivations of V-ATPase subunit genes or lysosomal
biogenesis/integrity genes by RNAi (on E. coli HT115) also in-
duced Pacdh-1::GFP (SI Appendix, Fig. S9 B and C). The Pacdh-
1::GFP induction by V-ATPase inhibitors or lysosomal dys-
function on E. coli HT115 suggested cellular B12 deficiency,
probably due to disruption of vitamin B12 release from the ly-
sosome. The lmp-1(lf) mutation caused developmental delay and
induction of Phsp-6::GFP on an E. coli OP50 B12-deficient diet
(SI Appendix, Fig. S10A), but vitamin B12 supplementation res-
cued the developmental defect and hsp-6 induction on an E. coli
OP50 diet (SI Appendix, Fig. S10A). The lmp-1(lf) lysosomal-
defective animals grown on E. coli OP50 had more fragmented
mitochondria and decreased average mitochondrial lengths in
body wall muscles than those grown on E. coli HT115; dietary
supplementation of B12 increased the mitochondrial connectivity
and reduced the fragmentation defect in lmp-1(lf) grown on E. coli
OP50 (SI Appendix, Fig. S10B).
In humans, lysosomal storage diseases (LSDs) caused by mu-

tations in lysosomal proteins are associated with fragmented
mitochondria and manifest as neurodegeneration. We found that
lmp-1(lf) lysosomal-defective animals showed locomotion defects,
including decreased movement velocity and increased movement
tortuosity, especially on the B12-deficient E. coli OP50 diet (SI
Appendix, Fig. S10 C and D). Dietary B12 supplementation greatly
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reduced the locomotion defects in lmp-1(lf) (SI Appendix, Fig.
S10 C and D), consistent with the observation of improved mi-
tochondrial health in lmp-1(lf) with dietary B12 supplementation
(SI Appendix, Fig. S10 A and B).

Methionine Restriction Mediates B12 Deficiency-Caused Mitochondrial
Fragmentation. Vitamin B12 is a cofactor for cytosolic MTR and
mitochondrial MCM that are encoded by C. elegans metr-1 and
mmcm-1, respectively (Fig. 4F). We examined which enzyme
mediates the B12 deficiency-caused mitochondrial fragmentation.
Inactivation of metr-1 but not mmcm-1 completely recapitulated
the mitochondrial phenotypes caused by B12 deficiency. In par-
ticular, inactivation of metr-1 suppressed the lethality and slow
growth in drp-1(lf) but delayed development in lmp-1(lf), whereas
RNAi of mmcm-1 did not affect growth or mitochondrial mor-
phology of drp-1(lf) or lmp-1(lf) (Fig. 5A and SI Appendix, Fig.
S11 A and B, Upper). Inactivation of metr-1 in a wild-type back-
ground caused modest mitochondrial fragmentation, similar to
lysosomal dysfunction or dietary B12 deficiency, while RNAi of
metr-1 reduced the mitochondrial fission defect in drp-1(lf) but
enhanced the mitochondrial fragmentation defect in lmp-1(lf) fed
on E. coli HT115 RNAi bacteria (Fig. 5B). Consistent with the
mitochondrial status, Phsp-6::GFP induction is decreased in drp-
1(lf) but increased in lmp-1(lf) by metr-1 gene inactivation, while
RNAi of metr-1 mildly induced Phsp-6::GFP in an otherwise wild-
type background (SI Appendix, Fig. S11 B, Lower). Gene inacti-
vation of mmcm-1 did not affect mitochondrial morphology or
hsp-6 expression more than control RNAi (Fig. 5B and SI Ap-
pendix, Fig. S11 B, Lower). Overall, these data indicate that
B12 deficiency-caused mitochondrial fragmentation is mediated
by the vitamin B12-requiring enzyme MTR.
MTR converts homocysteine to methionine that is required

for the synthesis of methyl donor S-adenosylmethionine (SAM).
Disruption of MTR enzymatic activity reduces methionine bio-
synthesis and leads to methionine restriction. We reasoned that
the reduction of methionine mediated the increased mitochon-
drial fragmentation observed in lysosomal-defective or B12-
deficient animals. Indeed, dietary supplementation of methio-
nine greatly reduced the Phsp-6::GFP induction by metr-1 gene
inactivation or dietary B12 deficiency in lmp-1(lf) (SI Appendix,
Fig. S11 C, Upper). Methionine supplementation also reduced
the mild hsp-6 induction by metr-1 RNAi or dietary B12-
deficiency in wild-type animals (SI Appendix, Fig. S11 C,
Lower). Methionine restriction leads to decrease of SAM levels.
To test if low SAM causes the mitochondrial phenotypes ob-
served in B12-deficient or lysosomal-deficient animals, we inac-
tivated sams-1 that encodes the SAM synthetase and found that

SAM reduction increased mitochondrial fission in wild-type as
well as suppressed the mitochondrial fission defects in drp-1(lf)
animals (SI Appendix, Fig. S12A), similar to that caused by B12
deficiency or lysosomal dysfunction. Inactivation of sams-1 mildly
induced Phsp-6::GFP similar to metr-1 RNAi (SI Appendix, Fig.
S12B). Mitochondrial fragmentation caused by sams-1 inactivation
could not be rescued by exogenous B12 supplementation or me-
thionine supplementation (SI Appendix, Fig. S12C). Combined,
these results indicate that methionine restriction by B12 deficiency
leads to reduction of SAM, which causes an increase of mitochondrial
fission.

Lysosomal Dysfunction Augments Mitochondrial Biogenesis. Methi-
onine restriction increased mitochondrial DNA (mtDNA) copy
number and mitochondrial density in some rat tissues (38, 39).
We found that deletion of C. elegans metr-1 increased mtDNA
level 1.5-fold compared to wild-type. Dietary methionine sup-
plementation reduced mtDNA levels either in wild-type or metr-
1(lf) (Fig. 6A). Nonyl acridine orange (NAO) is a fluorescent
marker that is retained in mitochondria independent of the mi-
tochondrial membrane potential, making it an ideal probe to
measure mitochondrial mass (40). Mitochondrial mass measured
by NAO is comparable between wild-type and metr-1(lf). The
discrepancy might be due to differential growth rates, as metr-
1(lf) showed mild developmental delay compared to wild-type.
However, methionine supplementation significantly reduced the
NAO-stained fluorescence in either wild-type or metr-1(lf), in-
dicating that methionine supplementation suppresses the in-
crease of mitochondrial mass (Fig. 6B).
We reasoned that lysosomal dysfunction caused B12 defi-

ciency to then cause methionine restriction, which could lead to
an increase of mitochondrial mass. Indeed, depletions of vacu-
olar V-ATPase subunits or lysosomal membrane proteins LMP-1
and LMP-2 caused an ∼1.5-fold increase in mitochondrial mass
as measured by NAO staining (Fig. 6C). Moreover, supple-
mentation of B12 or methionine suppressed the increase of
NAO staining by lysosomal gene inactivations (Fig. 6C), sug-
gesting that lysosomal dysfunction induced mitochondrial mass is
mediated by B12 deficiency and methionine restriction. Consis-
tent with these data, detection of protein levels of conserved
mitochondrial electron transport proteins using antibodies raised
to highly conserved mammalian complex I component NDUFS3
(C. elegans ortholog NUO-2) and complex V component ATP5A
(C. elegans ortholog NUO-2) (41) showed increased mitochon-
drial mass in metr-1(lf) (Fig. 6D), as well as in lysosomal mutants
hlh-30(lf) and lmp-1(lf) (SI Appendix, Fig. S13A), or in animals
with V-ATPase inhibitor treatment (SI Appendix, Fig. S13B).

A

B

Fig. 5. Inactivation of MTR increases mitochondrial fission. (A) Viability of wild-type (WT) and drp-1(lf) grown on indicated RNAi clones. Mean ± SD from at
least three biological replicates. n = 90∼120 for each data point. **P < 0.01. (B) Mitochondrial morphologies and lengths in body wall muscles in wild-type,
lmp-1(lf) and drp-1(lf) grown on indicated RNAi clones. Arrows indicate some examples of nice parallel mitochondrial structure. Mitochondrial lengths were
calculated by MiNA toolset. Median with 95% CI Mann–Whitney U test. ****P < 0.0001. N indicates the sample size. (Scale bar, 5 μm.)
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B12 supplementation reduced these oxidative phosphorylation
protein levels in all lysosomal-defective animals as well as in wild-
type, but not inmetr-1(lf) (Fig. 6D and SI Appendix, Fig. S13 A and
B). Supplementation of methionine readily reduced the protein
levels of NDUFS3 and ATP5A in both wild-type and metr-1(lf)
(Fig. 6D). These results indicate that lysosomal dysfunction in-
creases mitochondrial mass mediated by B12 deficiency and me-
thionine restriction. Moreover, inhibition of lysosomal function by
V-ATPase inhibitor drugs or gene inactivations induced an in-
crease in mtDNA copy number by ∼50% (Fig. 6 E and F). In
addition, RNAi of hlh-30, lmp-1, lmp-2, and V-ATPase subunit
genes increased the expression of several mitochondrial biogenesis
genes (SI Appendix, Fig. S13C). These results suggest that lyso-
somal dysfunction increased mitochondrial biogenesis.

Mitophagy is selective macroautophagy that degrades damaged
mitochondria. Lysosomal dysfunction could impair mitophagy and
lead to accumulating damaged mitochondria to increase the mi-
tochondrial abundance. However, we found that inactivations of
the mitophagy pathway genes pink-1, pdr-1, or bec-1 did not in-
crease, but in the cases of pdr-1 and bec-1 RNAi slightly decreased
NAO staining in animals (SI Appendix, Fig. S13D). In addition,
inactivations of mitophagy genes did not change mtDNA levels (SI
Appendix, Fig. S13E), consistent with a previous observation (42).
Moreover, mitophagy deficiency did not increase the expression
of the tested mitochondrial biogenesis genes (SI Appendix, Fig.
S13F). Taken together, these results indicate that lysosomal dys-
function triggers an increase in mitochondrial mass by increasing
mitochondrial biogenesis rather than by decreasing mitophagy.

A

C

D

G

FE

B

Fig. 6. Lysosomal dysfunction leads to increase mitochondrial mass. (A) Relative mitochondrial DNA levels in wild-type andmetr-1(lf) animals with or without
methionine supplementation. Mean ± SD from at least three biological replicates. **P < 0.01. (B and C) Animals with indicated treatment were stained with
NAO. Mean ± SD ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. (Scale bars, 0.2 mm.) (D) Immunoblots of lysates from animals with indicated treatment.
Relative protein levels are indicated below the gel lanes. (E and F) Relative mitochondrial DNA levels in animals with indicated treatment. Mean ± SD from at
least three biological replicates. **P < 0.01, *P < 0.05. (G) A model for lysosomal activity affects mitochondrial fission through vitamin B12 metabolism.
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Discussion
Mitochondrial dynamics are regulated by the balance of fission
and fusion; imbalances in fission and fusion cause mitochondrial
abnormalities that lead to many diseases, including neuro-
degeneration. From a screen of gene inactivations that suppress
the mitochondrial fission defects of a drp-1/dynamin mutant, we
identified a vacuolar V-ATPase subunit gene of the lysosome, spe-
5. Testing other gene inactivations that cause lysosomal dysfunc-
tion showed that increased mitochondrial fission is a consequence
of compromised lysosomal function. In yeast, age-dependent
acidity decline in the lysosome-like vacuole is accompanied by
mitochondrial fragmentation (43). In humans, LSDs are associ-
ated with mitochondrial fragmentation (44). These observations
suggest a coupling between lysosomal function and mitochondrial
fission across phylogeny. Our work further reveals that lysosomal
dysfunction causes B12 deficiency by interrupting the release of
vitamin B12 from the lysosome. This B12 deficiency compromises
the enzymatic activity of MTR, a cytoplasmic enzyme that uses
meCbl as cofactor to convert homocysteine to methionine. De-
creased methionine level, or methionine restriction, transduces
the signal to the nucleus by yet to be identified factors to augment
mitochondrial biogenesis, which may be coupled to an increase of
fission activity for new mitochondrial generation (Fig. 6G).
The V-ATPase proton pump is a multisubunit molecular

motor that includes three A and three B subunits, which form a
hexamer that hydrolyzes ATP to in turn induce conformational
changes in membrane-spanning protein subunits that pump
protons across the membrane (45). C. elegans encodes two very
closely related V-ATPase subunit B isoforms, SPE-5 and VHA-
12, which have 88% identical protein sequences over the entire
500 amino acids of the protein but divergent DNA sequences, so
that RNAi with a 1-kb vha-12 double-stranded RNA (dsRNA) is
lethal, whereas RNAi with a 1-kb spe-5 dsRNA is viable (46, 47).
But while spe-5 was the first indication of a mechanistic con-
nection between lysosomal function and mitochondrial fission,
other V-ATPase subunit gene inactivations also suppressed the
drp-1 lethality and mitochondrial fission defects (Fig. 2 A–E),
validating the mechanistic coupling between lysosomal function
and mitochondrial fission. This suggests that SPE-5 and other
V-ATPase gene subunits function in muscle to suppress the
mitochondrial fission defects of drp-1(tm1108) (Fig. 1 C and E–G
and SI Appendix, Fig. S2). Although VHA-12 is thought to be a
more general isoform of subunit B, it is possible that SPE-5 may
assemble as one or more of the three subunits B per vacuolar
ATPase in some tissues, including in muscle where the sup-
pression of drp-1 suggests it functions.
DRP-1/Drp1 dynamin mediates key cell biological steps in

mitochondrial fission. However, our study shows that lysosomal
dysfunction causes B12 deficiency and methionine restriction to
increase mitochondrial fission, so that the fission–fusion cycles
are rebalanced and the mitochondrial fission defect in a drp-1/
dynamin mutant is strongly suppressed (SI Appendix, Fig. S13G).
These data show that there are pathways to mitochondrial fission
that are independent of DRP-1 in C. elegans. Interestingly, previous
studies also indicated that Drp1-independent fission exists in
mammalian cells as mitochondria still undergo fragmentation in
Drp1−/− murine embryonic fibroblasts (48); and expression of a
dominant-negative mutant of Drp1, Drp1(K38A), could not com-
pletely inhibit hFis1-induced mitochondrial fragmentation (49).
DRP-1/Drp1-independent fission, perhaps also via methionine
biosynthetic pathways, may also operate in mammals.
The lysosome is required for carrier protein-mediated B12

transport and uptake in humans (8, 50) (Fig. 4F). Our data show
that lysosomal dysfunction also causes vitamin B12 deficiency in
C. elegans (SI Appendix, Fig. S9). However, exogenous supple-
mentation of metabolic active B12 reduced hsp-6 induction and
mitochondrial fragmentation defects even in a lysosomal mutation

background (SI Appendix, Fig. S10 A and B), suggesting that B12
might be also absorbed by a carrier protein-independent/lysosome-
independent method. As a small molecule, B12 may be passively
transported, which is inefficient, but in our experiments we
used a high dosage (13 nM is relatively high for a micronutrient,
such as vitamin B12). There is also passive transport for B12 in
humans (51, 52).
B12 deficiency may disrupt the balance of mitochondrial dy-

namics under normal conditions (SI Appendix, Fig. S13G). Mild
B12 deficiency affected mitochondrial homeostasis and increased
susceptibility to pathogenic infections in animals (37). However, in
contrast, in a drp-1/dynamin mutation background, B12 deficiency
improves C. elegans mitochondrial health by rebalancing mito-
chondrial fission–fusion events (SI Appendix, Fig. S13G), dem-
onstrating the elaborate regulation of mitochondrial dynamics.
B12 deficiency is common in the human population, particularly

the elderly. Neurological disorders are significant clinical manifes-
tations of B12 deficiency in humans (53–55). In yeast, lysosomal-like
vacuolar acidity declines and mitochondria become gradually frag-
mented during aging (43). Increased mitochondrial fragmentation
is widespread in LSDs as well as age-related neurodegeneration,
such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease (56–59). Mutations affecting lysosomal function cause a
class of metabolic diseases, or LSDs, which are associated with
neurologic symptoms and neurodegeneration (44). Mitochondrial
abnormalities are a common feature for most LSDs (44), sug-
gesting cross-talk between the two organelles. Based on our
findings, we speculate that B12 deficiency caused by declines
of lysosomal function may cause mitochondrial fragmentation
during the aging process to in turn cause age-related neurological
disorders and neurodegeneration. Dietary supplementation of
B12 suppressed this mitochondrial fragmentation defect and the
locomotion movement abnormalities in lysosomal-defective animals
(SI Appendix, Fig. S10), suggesting the potential for vitamin B12 as a
supplementary treatment in age-related neurological disorders and
LSDs associated with mitochondrial fragmentation. Interference
with the mitochondrial dynamics to rebalance the fission–fusion
events could be a new therapeutic strategy for diseases with
mitochondrial dysregulation.

Materials and Methods
C. elegans Strains and Maintenance. C. elegans were grown on standard
nematode growth medium (NGM) at 20 °C, or other temperatures when
indicated. To synchronize animals, embryos were harvested from gravid
hermaphrodites treated with bleach solution containing 0.5 M NaOH,
allowed to hatch in M9 buffer overnight. The following strains were used in
this study: N2 Bristol: wild-type, CU6372: drp-1(tm1108)IV, RB2375: lmp-
1(ok3228)X, JIN1375: hlh-30(tm1978)IV, RB755: metr-1(ok521)II, RB1434:
mmcm-1(ok1637)III, PS6192: syIs243[Pmyo-3::TOM20::mRFP], SJ4100: zcIs13
[Phsp-6::GFP]V, VL749: wwIs24[Pacdh-1::GFP]. drp-1(or1393)IV was gener-
ated by out-crossing EU2706: ruIs32[Ppie-1::GFP::H2B]III; drp-1(or1393)IV
provided by B. Bowerman (University of Oregon, Eugene, Oregon) into N2.
drp-1(lf); Pmyo-3::TOM20::mRFP was generated by crossing drp-1(tm1108)
into Pmyo-3::TOM20::mRFP. drp-1(lf); Phsp-6::GFP was generated by crossing
drp-1(tm1108) into Phsp-6::GFP. lmp-1(lf); Pmyo-3::TOM20::mRFP was gen-
erated by crossing lmp-1(ok3228) into Pmyo-3::TOM20::mRFP. lmp-1(lf);
Phsp-6::GFP was generated by crossing lmp-1(ok3228) into Phsp-6::GFP.

RNAi. E. coli HT115 bacteria expressing targeted dsRNAs were cultured in LB
containing 50 μg/mL ampicillin at 37 °C overnight and seeded 150 μL per
60 mm or 100 μL per well of a 24-well RNAi plate containing 5 mM isfo-
propyl-β-D-thiogalactopyranoside (IPTG) and 100 μg/mL carbenicillin. Plates
were allowed to dry and induce at room temperature overnight. Synchro-
nized animals were transferred to the RNAi plates and cultured at 20 °C or at
indicated temperatures depending on the experiments. For all RNAi exper-
iments, an empty L4440 vector was used as the control.

For the RNAi screen for drp-1 suppressors, ∼15 synchronized L1 drp-
1(or1393) were dropped on each well on 24-well RNAi plates and kept at
23 °C for 3 d when the animals laid plenty of eggs. This was continued in the
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culture at 23 °C for another 48 h and we then scored the hatched progeny
on each well.

Viability Assays. Synchronized L1 animals were grown on indicated RNAi
plates at 20 °C, 23 °C, or 25 °C for 3 d, or at 15 °C for 5 d when they reached
adults. Approximately 20 gravid adult animals were transferred to new RNAi
plates and allowed to lay eggs for 2 h and then removed. Egg numbers were
counted. The eggs continued to keep at corresponding temperatures for an-
other 48 h. Hatched progeny was then scored for viability. Brightfield images
representing the viability were obtained by a Zeiss AxioZoom V16 microscope.

Mitochondrial Morphology and Length. After the indicated treatment, syn-
chronized adult animals containing the Pmyo-3::TOM20::mRFP transgene
were mounted on 2% agarose pads for microscopic imaging. Each treatment
scored mitochondrial morphology in 8∼10 body wall muscles in the middle
of the worm body and 10∼15 animals in total. Mitochondria exhibiting tu-
bular structure in most parts of a single muscle cell were defined as ones
with “tubular morphology,” while those exhibiting elongated structure in
most parts of a muscle was defined as ones with “elongated morphology”;
“fragmented morphology” indicated that mitochondria in a muscle cell
displayed many fragmented pieces. Fluorescence images representing mito-
chondrial morphology were obtained by a Zeiss Axio Image Z1 microscope.

Mitochondrial length was quantified by ImageJ software as described
previously (15) with modification. Briefly, the images were preprocessed
(Unsharp mask → Enhance local contrast → Median), then converted to bi-
nary and generated a morphological skeleton for calculating the “branch
lengths” as the mitochondrial lengths. Statistical analyses with Mann–
Whitney U test were performed with Prism 7.

Induction of GFP Reporters. Synchronized L1 animals were grown on indicated
culture plates at 20 °C for 3 to 4 d. We dropped ∼2 μL of 5 mM levamisole
(Sigma) onto a new NGM plate and transferred several animals into it. Im-
ages were captured by a Zeiss AxioZoom V16 microscope with the same
exposure time and magnification. Fluorescence intensities or pixel intensities
were measured by ImageJ software. Statistical analyses were done from at
least three biological replicates.

Chemical Treatment. To inhibit V-ATPase activity, synchronized L1 animals
were grown at 20 °C for 2 d until they reached late L4s. Next, 100 μL M9
buffer containing 10 μg/mL BafA1 (LC Laboratories) dissolved in DMSO or
1 μg/mL CMA (AG Scientific) dissolved in DMSO was directly added onto the
bacterial lawn. Plates were air-dried and kept at 20 °C for another 48 h.

For B12 supplementation, animals were directly grown on culture plates
containing 12.8 nM adoCbl or meCbl (Sigma). For methionine supplementation,
animals were grown on culture plates containing 13.4 mM L-methionine (Sigma).

For propionic acid and homocysteine hypersensitivity assays, ∼100 embryos
for each genetic mutation were transferred to culture plates containing sol-
vent control, 100 mM propionic acid (Sigma), or 15 mM homocysteine (Sigma).
Two days later we scored the hatched animals that had developed into L3 or later
stages. Statistical analyses were done from at least three biological replicates.

NAO and TMRE Staining. Synchronized L1 N2 were grown on indicated plates
at 20 °C for 2 d until they reached late L4. Next, 5 μM NAO (acridine Orange
10-nonyl bromide; Life Technologies) or 1 μM TMRE (tetramethylrhodamine,
ethyl ester; Life Technologies) in 100 μL M9 buffer was then directly added
onto the bacterial lawn. Plates were air dried and kept at 20 °C overnight.
Animals were then picked and transferred to new RNAi plates without NAO
or TMRE to grow for 8 h to clean any nonuptake fluorescent dye. Images
were then obtained with a Zeiss AxioZoom V16 microscope using the same
exposure time and magnification and then processed by ImageJ software.

mtDNA Levels. Synchronized L1 N2 were grown on standard NGM plates
seeded with E. coli OP50 at 20 °C for 2 d until they reached late L4s, then
incubated with desired drugs or transferred to the desired RNAi plates and
kept at 20 °C for another 48 h. Animals were then harvested and total DNA
was extracted and quantified using quantitative real-time PCR, as described
previously (60). Primers were designed to quantify nd1 (for mtDNA) and act-
3 (for genomic DNA) as previously described (61), and mtDNA levels were
then normalized to genomic DNA.

RNA Isolation and Quantitative RT-PCR. Synchronized L1 animals were grown
on standard NGM plates seeded with E. coli OP50 at 20 °C for 2 d until they
reached late L4s, then incubated with desired drugs or transferred to the
desired RNAi plates and kept at 20 °C for another 48 h. Animals were then
harvested and total RNA was extracted by RNeasy Plus Universal Kit (Qiagen)
following the manufacturer’s instructions. One microgram of total RNA was
then used for first-strand cDNA synthesis using QuantiTect Reverse Tran-
scription Kit (Qiagen). Quantitative real-time PCR was performed using iQ
SYBR Green Supermix (Bio-Rad). Quantification of transcripts was normal-
ized to act-4 (62) and relative mRNA levels were calculated by ΔΔCt. Primers
for desired targets were designed to span exon/exon boundaries.

atp-5: 5′-ACGTCTTCCGTGAACTGGTCGAAG-3′ and 5′-GCAAAGTCGATC
TTGGGAAGATCG-3′; cox-4: 5′-TCGTCGGATACGGAGCAAATG-3′ and 5′-TCG
AATTCGGACAGCGTTTGAC-3′; hmg-5: 5′-GAAGTTGTCTGGAGCTGGAATG-3′
and 5′-GGAGGACGACATGGTATTCATC-3′; gas-1: 5′-CAATTGAGGCTCCAA
AGGGAGAG-3′ and 5′-GACATGTAGCACACATCGTGGATG-3′; gst-4: 5′-GTC
TATCACAAGATACTTGGCAAG-3′ and 5′-ATCACGGGCTGGTTCAACAACTTC-
3′; gst-10: 5′-TGCAGACTGGAGCAATTATGCGTC-3′ and 5′-TCCCTCGTCGTA
GTAAATGTAACG-3′.

Western Blotting and Antibodies. Synchronized L1 animals were grown on
plates with indicated treatment at 20 °C for 3 d. Animals were then har-
vested and washed with M9 buffer for 2∼3 times, then resuspended with 1×
NuPAGE LDS Sample Buffer (Invitrogen) containing 5% β-mercaptoethanol
and heated at 70 °C for 10 min. Lysates were loaded onto NuPAGE 4 to 12%
Bis-Tris Protein Gels (Invitrogen) and transferred onto Nitrocellulose mem-
brane (Invitrogen). The membrane was then blocked with 5% nonfat milk
and probed with designated primary and secondary antibodies.

The primary antibodies used in this study included anti-NDUFS3 (Abcam,
ab14711), anti-ATP5A (Abcam, ab14748), and anti-Actin (Abcam, ab179467).

Statistical Analysis. No statistical methods were used to predetermine sample
sizes. Statistical tests with appropriate underlying assumptions on data dis-
tribution and variance characteristics were used. All samples were randomly
selected and from at least three biological replicates when applied. Datawere
analyzed with one-factor ANOVA (for mitochondrial morphology experi-
ments) and two-tailed unpaired Student’s t tests (for the other experiments).
All statistical analyses and graphing were performed with Prism 7 (GraphPad
software). Statistically significant differences are indicated as *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, and n.s. as not significant.

Data Availability. All data supporting this study are available in the main text
figures and supplementary information. The materials involved in this study
are available upon request to the corresponding author (G.R.).
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