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Quantitative intravital imaging in zebrafish reveals in vivo

dynamics of physiological-stress-induced mitophagy
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and Wolfram Goessling1,3,4,5,6,7,*,‡

ABSTRACT

Mitophagy, the selective recycling ofmitochondria throughautophagy, is

a crucial metabolic process induced by cellular stress, and defects are

linked to aging, sarcopenia and neurodegenerative diseases. To

therapeutically target mitophagy, the fundamental in vivo dynamics

and molecular mechanisms must be fully understood. Here, we

generated mitophagy biosensor zebrafish lines expressing

mitochondrially targeted, pH-sensitive fluorescent probes, mito-Keima

and mito-EGFP–mCherry, and used quantitative intravital imaging to

illuminate mitophagy during physiological stresses, namely, embryonic

development, fasting and hypoxia. In fasted muscle, volumetric

mitolysosome size analyses documented organelle stress response

dynamics, and time-lapse imaging revealed thatmitochondrial filaments

undergo piecemeal fragmentation and recycling rather than the

wholesale turnover observed in cultured cells. Hypoxia-inducible

factor (Hif) pathway activation through physiological hypoxia or

chemical or genetic modulation also provoked mitophagy. Intriguingly,

mutation of a single mitophagy receptor (bnip3) prevented this effect,

whereas disruption of other putative hypoxia-associated mitophagy

genes [bnip3la (nix), fundc1, pink1 or prkn (Parkin)] had no effect. This

in vivo imaging study establishes fundamental dynamics of fasting-

induced mitophagy and identifies bnip3 as the master regulator of

Hif-induced mitophagy in vertebrate muscle.
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INTRODUCTION

Mitophagy is the removal of damaged mitochondria via autophagy,

the lysosomal pathway responsible for degrading and recycling

cellular components. It prevents cellular damage and apoptosis

(Youle, 2019), and defective mitophagy has been linked to both

acute and chronic disease states, including muscular dysfunction

(Sandri, 2013), neurodegenerative diseases (Pickrell and Youle,

2015) and drug-induced liver injury (Williams et al., 2015;

Wrighton et al., 2019). Occurrence of baseline mitophagy has

also been detected in a variety of cells, especially those with high

metabolic rates (McWilliams et al., 2016, 2018; Sun et al., 2015).

However, the full extent of basal mitophagy is incompletely studied,

especially during embryonic development. This highlights the need

for the development of accurate systems to monitor mitophagy in

situ that can provide novel mechanistic insight into system dynamics

and activation triggers and could enable effective targeting for

interventional or therapeutic purposes.

Mitophagy occurs following mitochondrial damage when the

autophagosome, a specialized double-membrane organelle, is

recruited to the damaged mitochondrial fragment, and then fuses

with a lysosome, initiating cargo degradation (Anding and Baehrecke,

2017). However, the organelle dynamics and interactions between

mitochondria, autophagosomes, autolysosomes and lysosomes in

response to physiological stresses are underexplored in vivo. Fasting is

well documented to induce lysosome biogenesis and autophagy

(Settembre et al., 2013; Raefsky and Mattson, 2017; Preidis et al.,

2017; Sebastián and Zorzano, 2020). In contrast, dynamic changes in

mitolysosome (lysosomes containing mitochondria for degradation)

size or number in response to increasing stress in vivo are unknown.

Furthermore, the temporal dynamics of mitochondrial recycling and

trafficking to autolysosomes have not been verified via intravital

imaging in any live vertebrate organism.

Multiple molecular pathways govern mitophagy depending on the

cell type and nature of stress. PINK1 and PARKIN (also known as

PRKN), genes with mutant alleles linked to Parkinson’s disease, have

been shown to facilitate mitophagy following mitochondrial

membrane depolarization, and most molecular mechanisms

governing mitophagy were initially described in cell lines

overexpressing PARKIN in response to non-physiological stressors,

such as exposure to mitochondrial uncouplers (Pickrell and Youle,

2015). In contrast, hypoxia is a physiological stress that induces

mitophagy in cultured mouse embryonic fibroblasts (MEFs) (Zhang

et al., 2008), as well as in murine liver (Sun et al., 2015), muscle

(Zhang et al., 2008) and bone marrow (Zhang et al., 2016b). The

mechanisms governing hypoxia-inducedmitophagy remain to be fully

interrogated, with conflicting evidence pointing towards activation of

specific mitophagy receptors, such as BNIP3, FUNDC1 or BNIP3L

(also known as NIX) (Palikaras et al., 2018; Zhang et al., 2016b), and

being either dependent on (Kim et al., 2019; Zhang et al., 2016a) or

independent (Lee et al., 2018) of the PINK1–PARKIN pathway. Thus,

genetic epistasis analyses using in vivo models to dissect which

mitophagy receptors or pathways are active in different tissues and

under different stresses will further elucidate this process.

Here, we generate mitophagy biosensor zebrafish and define

mitochondrial dynamics during vertebrate organ development and

complex physiological stresses. Zebrafish develop completely

externally and demonstrate a high degree of conservation with

regards to mammalian tissue organization, organ development and
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molecular signaling (Cox and Goessling, 2015). This vertebrate

model system offers the unique ability to illuminate and measure in

vivo mitophagy trafficking and subcellular dynamics. In this study,

we discover widespread basal mitophagy in many organs during

development. Furthermore, using time-lapse imaging, we illuminate

mitophagy dynamics in vivo, directly observing the trafficking of

mitochondrial fragments to autolysosomes as it occurs in situ in

fasted muscle. Using volumetric imaging, we then demonstrate that

physiological hypoxia or chemical or genetic activation of the

hypoxia inducible factor (Hif) pathway inducesmitophagy in skeletal

muscle. Importantly, using precise genetic loss-of-function analyses,

we demonstrate that bnip3 is singularly necessary for Hif-induced

mitophagy in muscle independently of other reported hypoxia-

associated mitophagy receptors and independently of the pink1-prkn

(Parkin) pathway. In sum, we established fundamental in vivo

dynamics of fasting-induced mitophagy and elucidated the genetic

and molecular mechanisms governing hypoxia-induced mitophagy.

RESULTS

Biosensor zebrafish lines report bona fide mitophagy

during development

Recently, mitochondria-targeted, pH-sensitive fluorescent protein

constructs – mito-mKeima (mito-Keima) (Katayama et al., 2011)

and mito-EGFP–mCherry (mito-GR, for green and red) (Rojansky

et al., 2016) – have been developed as sensitive readouts of

mitophagy and incorporated into cell culture models and model

organisms (Lee et al., 2018; McWilliams et al., 2016; Sun et al.,

2015; Ordureau et al., 2020). Keima is a fluorescent, red light-

emitting protein with a pH-sensitive excitation spectrum, enabling

differentiation between Keima in a slightly basic pH environment,

such as the healthy mitochondrial matrix (Porcelli et al., 2005), or an

acidic environment, such as an autolysosome (Katayama et al.,

2011). Whereas EGFP is sensitive to acid quenching and lysosomal

degradation, mCherry and Keima are resistant to lysosomal

degradation, allowing for signal accumulation, which is an

indicator of the extent of mitophagic flux (Katayama et al., 2008).

Zebrafish lines Tg(ubi:mito-Keima) and Tg(ubi:mito-GR) were

generated to express mito-Keima or mito-GR under the control of the

ubiquitous ubiquitin promoter (Kwan et al., 2007; Mosimann et al.,

2011). Importantly, these reporters are targeted to the mitochondrial

matrix because reporters targeted to other mitochondrial locations can

lead to false-positive signals (Katayama et al., 2020). Healthy

mitochondria maintain a pH 7.8 matrix (Porcelli et al., 2005) and can

be distinguished by either a high Keima440:Keima561 ratio (Keima

signal when excited by a 440 nm laser divided by Keima signal when

excited by a 561 nm laser) or presence of both EGFP and mCherry

signal. In contrast, mitochondria undergoing degradation exist in acidic

autolysosomes and are distinguished by a high Keima561:Keima440

ratio for mito-Keima or presence of mCherry signal alone for mito-GR.

Ubi:mito-Keima and ubi:mito-GR transgenic zebrafish

demonstrated no physiological abnormalities to suggest fluorophore

toxicity and were generally analyzed as larvae from 1 to 8 days post

fertilization (dpf). To test whether the ubi:mito-Keima construct

faithfully reports mitophagy in vivo, we exposed ubi:mito-Keima

larvae to MitoTracker Green dye, which labels all mitochondria

regardless of polarization state, and performed confocal microscopy.

Using 3D image analysis software, we generated Keima440high

isosurface objects with high signal in the Keima440, and we

generated Keima561high objects based on a ratiometric image

produced by dividing the Keima561 image by the Keima440

image as described in the Materials and Methods. We performed

object-based colocalization and found that Keima440high objects

colocalized with MitoTracker Green signal in skin cells, whereas

Keima561high objects did not. This indicates that Keima440high

objects are mitochondria and that the Keima561high areas are

representative of degraded mitochondria (Fig. S1A). In skeletal

muscle cells, LysoTracker dye, which accumulates in lysosomes,

colocalized with Keima561high puncta, but not with Keima440high

puncta (Fig. S1B). Thus, areas with a high Keima561:Keima440

signal ratio represent mitolysosomes. Furthermore, we crossed ubi:

mito-Keima fish with Tg(CMV:EGFP-map1lc3b)zf155 (EGFP–Lc3)

fish, which have EGFP-labeled autophagosomes and autolysosomes

due to Lc3 recruitment to these organelles during autophagy (He et al.,

2009). In skeletal muscle, Keima561high fluorescence colocalized with

the EGFP–Lc3 signal, indicating that, to induce degradation,

mitochondrial fragments are shuttled to low-pH Lc3+ autolysosomes

(Fig. S1C). Similarly, we incubated ubi:mito-GR embryos with

LysoTracker deep red and observed colocalization with mCherry+;

GFP− puncta (Fig. S1D). To ensure macroautophagy was necessary for

the reporter signal, larvaewere subjected tomorpholino (MO)-mediated

Fig. 1. mito-Kiema andmito-GR zebrafish report bona fide mitophagy. (A) Maximum intensity projection (MIP) confocal images of 48 hpf ubi:mitoKeima and

ubi:mito-GR larvae injected with control or atg5-targeting morpholinos. Yellow dashed boxes highlight the notochord. Control MO-injected larvae have

prominent levels of mitophagy (indicated by magenta puncta), whereas atg5 MO-injected larvae have reduced mitophagy in the notochord. The graphs

depict quantification of the number of Keima561high or mCherryhigh puncta per notochord cell. Data shown are mean±s.e.m. P-values were calculated

with an unpaired, two-tailed Student’s t-test. n, number of individual larvae. Scale bars: 10 µm.
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knockdown of the essential autophagy gene atg5. This induced cardiac

and central nervous system defects in both ubi:mitoKeima and ubi:

mito-GR embryos as previously described (Lee et al., 2016, 2014).

However, notochords developed similarly at 48 hpf and displayed

greatly reduced Keima561high (Fig. 1A) and mCherry+;EGFP− signals

(Fig. 1B). Thus, both biosensor lines faithfully differentiate between

healthy mitochondria and those undergoing mitophagy.

While basal mitophagy has been observed in many highly

metabolic adult tissues (McWilliams et al., 2016), much less is

known about mitophagy during vertebrate development. We utilized

the mito-GR line to delineate basal levels of mitophagy during

organogenesis and observed basal mitophagy in several larval tissues,

indicated by dense mCherry+;EGFP− signal. Neural tissues,

including the hindbrain, olfactory placode, trigeminal ganglion,

retina, spinal cord and neuromasts, had high levels of basal

mitophagy. The developing notochord, vasculature, heart

(ventricle), kidney and liver all displayed high levels of basal

mitophagy, and the pancreas displayed moderate levels (Fig. 2A).

Prior to 4 dpf, larval skeletal muscle exhibited minimal mitophagy.

However, after 5 dpf, larvae exhibited a dramatic increase in

mitophagy (Fig. 2B, arrows). The timing of the onset of skeletal

muscle mitophagy coincided with the stage during which zebrafish

larvae must transition from subsisting on yolk sac-deposited nutrients

to external food sources absorbed through their gut (Wilson, 2012)

and suggests this observation may be caused by nutrient deprivation.

These results reveal widespread basal mitophagy throughout

development and identify zebrafish skeletal muscle as uniquely

suited to investigate stress-induced mitophagy in vivo.

Fasting induces quantifiable mitophagy and reveals

mitolysosome dynamics

Skeletal muscle is a mitochondria-rich, highly metabolic tissue, which

responds to nutrient deprivation by inducing autophagy (Mammucari

et al., 2007); however, the regulation and dynamics of muscle

mitophagy in vivo are not fully investigated. To precisely quantify

mitophagy levels, we developed volumetric and ratiometric image

acquisition and analysis methods to rapidly quantify the number and

size of mitolysosomes within 3D tissue volumes. Spinning disc

confocal fluorescence imaging enabled rapid generation of 3D images

of zebrafish muscle. The images span more than six myotomes more

than 150 µm deep (Fig. 3A) with resolution capable of distinguishing

individual mitochondria, which are ∼0.35–1.5 µm in diameter

(Jakobs, 2006) (Fig. 3A′; see methods for resolution calculations).

The Keima561:(Keima440+background) signal ratio allows isolation

of mitolysosomes (Fig. 3A″), the number and volume of which can be

measured by applying an isosurface rendering algorithm. The addition

of a small number approximately equal to background to the

denominator allows for areas with low signal in both channels to be

Fig. 2. Basal mitophagy is widespread in
developing zebrafish tissues. (A) Maximum

intensity projection (MIP) confocal images of

mito-GR zebrafish larvae at the indicated

developmental time points, displaying various

developing organs and tissues. Green indicates

EGFPhigh mitochondria, which are healthy, and

magenta indicates mCherryhigh puncta,

representing mitolysosomes (mitophagy). White

arrowheads show mitophagy occurring in the

vasculature. Yellow outline highlights the

developing kidney. (B) Developmental time

series of mito-GR skeletal muscle in the tail.

Mitophagy is low at 48, 72 and 96 hpf, but high at

120 hpf (arrows). All images are of live ubi:mito-

GR larvae except the liver image, which is from a

hepatocyte-specific fabp10a:mito-GR larva, and

the heart image, which is a fixed whole-mount

ubi:mito-GR larva. Scale bars: 15 µm.
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excluded. Normalizing either mitolysosome number or volume to the

total tissue volume yields two mitophagy quantification metrics

(Fig. 3B; Movie 1). This process is also applicable to mito-GR;

however, at greater imaging depths the ubi:mito-Keima signal decayed

more consistently and provided higher signal-to-noise. Thus, we

applied this method to quantify fasting-induced mitophagy in ubi:

mito-Keima zebrafish in two modes – mitolysosome density, defined

as the number of mitolysosomes per tissue volume, and mitophagy

index, defined as the proportion of total tissue volume occupied by

mitolysosomes.

Fig. 3. See next page for legend.
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At 5 dpf, quantifiable mitophagy was observed in both fed and

fasted zebrafish muscle, but there was not a significant difference in

the extent as measured through mitolysosome density (Fig. 3D) or

the mitophagy index (Fig. 3E). However, the mitophagy index was a

more sensitive readout for mitophagy. Mitolysosome density was

not significantly different between fed and fasted larvae until after

7 dpf, whereas the volumetric mitophagy index revealed increases

by 6 dpf. Thus, mitophagy in skeletal muscle occurs after yolk

depletion, but is abrogated by feeding.

To understand mitolysosome size dynamics during fasting, the

volume distributions of individual mitolysosomes were assessed. In

fasted skeletal muscle, the early response from 5–7 dpf was an increase

in the volume distribution of mitolysosomes. Both fed and fasted fish

had a monomodal mitolysosome volume distribution, with the fasted

fish displaying an increase in 25th, 50th and 75th percentile

mitolysosome volume (Fig. 3F; Fig. S2). However, by 8 dpf, when

fasting entered a more advanced stage, mitolysosome size distribution

became bimodal, with an increase in both large and small

mitolysosomes (Fig. 3F). Surprisingly, this result is unique to

mitolysosome dynamics. Although the size distribution of all

LysoTracker+ lysosomes showed increased size and number in

fasted larvae over time (Fig. S3A,B), all size distributions were

monomodal and very small lysosomes were present at all stages (Fig.

S3C). Together, these results reveal that the early fasting-induced

mitophagy response primarily utilizes and expands existing

autolysosomes within the cell as evident by an increase in

mitophagy index and shift in the size distribution prior to significant

changes in the number of mitolysosomes (mitolysosome density).

During advanced fasting stages, however, the existing mitolysosomes

become large, and new, small mitolysosomes appear. Taken together,

these data validate the volumetric mitophagy quantification method

and reveal novelmitolysosome size changes as a response to prolonged

nutrient deprivation.

To determine the origin of the newly appearing small

mitolysosomes found in advanced fasting stages, we performed

rapid, continuous time-lapse analysis on a 7 dpf fasted mito-Keima

larva (Movie 2). Application of an 3D-object tracking algorithm

enabled identification of de novo mitophagy and mitolysosome

fission events (Fig. 4A). Newly appearing Keima561high puncta

were identified, and each event was binned into one of several

categories. If the Keima561high punctum stemmed from a larger

Keima440high mitochondrion, it was considered ‘new mitophagy’.

If the punctum broke away from a different, larger Keima561high

mitolysosome, it was considered a ‘split mitolysosome’. If the

punctum migrated into the imaging volume near the edges, it was

considered ‘from outside’ (Fig. 4B). Out of 381 Keima561high

objects tracked for 28s, 325 were stable from the beginning to the

end of the imaging period, 11 migrated from outside, only three

were new mitophagy (Fig. 4C, asterisk and yellow surface object),

and 37 puncta split from larger mitolysosomes (Fig. 4D, asterisk).

Thus, de novomitophagy rapidly occurs during this stage of fasting

and accounts for some of the new, small mitolysosomes, but

mitolysosome fission is the predominant source of the small

mitolysosomes, which appear during advanced fasting.

Fasting-induced mitophagy occurs piece-by-piece

Because the mitophagy process has not been analyzed by time-lapse

imaging in any live vertebrate, we next investigated how GFP–Lc3-

labeled organelles interact with mitochondria in vivo. By performing

time-lapse analysis in Tg(CMV:EGFP-map1lc3b)zf155;(ubi:mito-

Keima) larvae, we could directly observe interactions between

Lc3-labeled organelles (autophagosomes and autolysosomes) and

mitochondrial fragments. Multiple mechanisms have been observed

in cells cultured in vitro by which a mitochondrion is sequestered by

the autophagy machinery. In the ‘wholesale’ mode, after a

mitochondrial filament reaches a damage threshold, mitochondrial

membrane depolarization and extensive fragmentation occurs, which

is followed by recruitment of the autophagy machinery to degrade all

of the fragments. In the ‘piecemeal’ mode, the damaged part of a

mitochondrial filament is sequestered, and the autophagy machinery

is localized to that point, which undergoes fission and degradation,

leaving the filament largely intact (Youle, 2019; Yamashita et al.,

2016; Burman et al., 2017). It is unknownwhether in vivomitophagy

occurs via a wholesale or piecemeal mode. We performed time-lapse

analysis in fasted muscle with ∼1 min/frame time resolution, and

used isosurface renderings to identify and tracked the different

organelle structures in three dimensions. Interestingly, we never

observed massive mitochondrial fragmentation followed by

mitophagy, indicating the wholesale mode of mitophagy is not

active in this context. Mitophagy events (transition from

Keima440high to Keima561high) occurred at discrete contact points

between Lc3 and filamentous mitochondria (Fig. 5A,A′, asterisks;

Movie 3), indicative of piecemeal mitophagy.

Intriguingly, the Keima561high mitolysosomes colocalized

extensively with EGFP–Lc3 signal, indicating that EGFP–Lc3

labels both autophagosomes and autolysosomes in this system

(Fig. S1C). To differentiate acidified autolysosomes from

autophagosomes, Tg(CMV:EGFP-map1lc3b)zf155;(ubi:mito-Keima)

larvae were stained with LysoTracker Deep Red, and object-based

colocalization image analysis was performed. This analysis required

activation of Keima with a 488 nm laser, causing additional overlap

between the neutral/basic and acidic Keima signals. To accommodate

for this, we defined healthy mitochondria by the Keima488/

(Keima561+1) signal ratio, which isolated areas of high Keima488

signal and avoided errors caused by dividing by zero. Mitolysosomes

were defined by the Keima561/(Keima440+background) signal ratio

as in previous experiments, which isolated voxels of high Keima561

signal by rendering voxels with either Keima440high signal or low

signal in both channels as low. We generated surface objects for

healthy mitochondria, mitolysosomes, EGFP–Lc3+ objects and

Fig. 3. Fasting induces mitophagy in skeletal muscle and volumetric
imaging reveals mitolysosome size dynamics. (A) Confocal microscopy

cross-sectional image of 6 dpf ubi:mito-Keima zebrafish skeletal muscle

demonstrates the typical imaging volume achieved for analyses. Scale bar:

100 µm. (A′) Magnified view of image in A demonstrating mitochondrial

resolution achieved for all images and (A″) ratiometric images used to segment

mitolysosomes. Scale bars: 3 µm. (B–B″) Representation of the image

analysis process. (B) 3D reconstruction of the large volume image showing

Keima440 and Keima561 signal throughout greater than six myotomes.

(B′) Ratiometric image isolates Keima561high mitolysosomes. (B″) Isosurface

renderings of muscle tissue volume (green) and the mitolysosomes (magenta)

allow for volumetric analysis of mitophagy. Scale bars: 30 µm. (C) Isosurface

renderings of muscle volume and mitolysosomes in 5–8 dpf zebrafish either

fed or fasted. Green is the surface rendering of themuscle tissue, andmagenta

are surface renderings for individual mitolysosomes. Scale bars: 30 µm.

(D) Quantification of mitolysosome density defined as the number of

mitolysosomes divided by the total tissue volume. (E) Quantification of the

mitophagy index defined as the sum of the volumes of all mitolysosomes

divided by the total tissue volume. Data in D,E are shown are mean±s.e.m.

P-values were calculated with an unpaired, two-tailed Student’s t-test. n.s., not

significant (P>0.05). Δ, percentage change of experimental cohort to control

cohort. n indicates number of larvae in each cohort. (F) Violin plots

demonstrating volume (µm3) distribution of individual mitolysosomes from all

fed or fasted zebrafish in each cohort. Significant changes in the size

distributions are evident at every time point (see Fig. S2). 50th percentile, black

line; 25th and 75th percentiles, red lines. n, number of individual

mitolysosomes combined from all larvae.
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LysoTracker+ objects (Fig. 5B). First, object-based colocalization was

employed to determine which EGFP–Lc3+ objects were

autolysosomes – in contact with a LysoTracker+ object – or

autophagosomes – not in contact with a LysoTracker+ object

(Fig. 5C). Autolysosomes were substantially larger in volume than

autophagosomes (Fig. 5D). Remarkably, nearly all autolysosomes

contained (Keima561/488)high objects, classifying them as

automitolysosomes, whereas nearly all autophagosomes did not

(Fig. 5E). Approximately 45% of autophagosomes and ∼68% of

autolysosomes were in direct contact with healthy mitochondria,

supporting our observation that piecemeal mitophagy occurred at

discrete contact points between EGFP–Lc3+ organelles and larger

intact mitochondrial filaments.

Mitochondrial protein aggregates can be cleared via a piecemeal

mitophagy mechanism in cultured cells, and knockout of Drp1 (also

known as DNM1L) impairs mitochondrial fission, leading to

wholesale mitophagy (Burman et al., 2017). We hypothesized that

inhibition of Drp1 could similarly induce a wholesale mitophagy

response in vivo. Thus, we introduced a heat shock-inducible,

dominant-negative, human Drp1(K38A)-2A-nlsEGFP (DN-Drp1)

construct (Smirnova et al., 1998) to ubi:mito-Keima larvae and

induced expression during fasting in the resulting mosaic animals.

At 7 dpf, cells expressing DN-Drp1 (identified by nuclear EGFP

expression) had altered mitochondrial morphology with increased

connections between filaments, indicating that expression of DN-

Drp1 functionally reduced mitochondrial fission (Fig. 5G, arrows).

Fig. 4. In vivomitophagy dynamics: mitophagy kinetics andmitolysosome fission. (A) Confocal 3D projection of the imaging volume in Movie 2. Images of

skeletal muscle in a 7 dpf larva during advanced nutrient deprivation. Images were continuously acquired, finishing each volume approximately once per

second and tracking skeletal muscle mitochondria in an approximately two-cell-deep volume for 28 s. (A′) Ratiometric image isolating mitolysosomes.

(A″) Isosurface rendering of mitochondria (green) and mitolysosomes (magenta) used to track stable mitochondria, ongoing mitophagy, and mitolysosome

fission. Scale bars: 10 µm. (B) Classification of each Keima561high object revealing that ∼85% were stable, 1% were newly formed and 10% split from existing,

larger mitolysosomes within the 28 s timeframe. The remaining mitolysosomes were pre-existing or translocated from outside the imaging volume. (C) Magnified

timeseries of a representative ‘new mitophagy’ event marked with (*). (C′) Same as C with isosurface objects shown for stable mitolysosomes (magenta)

and the new Keima561high object (yellow). Scale bars: 1 µm. (D) Maximum intensity projection (MIP) magnified time series representative of a splitting

mitolysosome (*). (D′) Same as D with isosurface renderings. Scale bars: 1 µm.
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Interestingly, mitophagy index levels were not altered in these cells

compared to neighboring wild-type (WT) EGFP− cells, but in some

EGFP+ cells, Keima561high signal occurred in a pattern indicative of

wholesale mitophagy of large mitochondrial filaments (Fig. 5G,H).

Together, these results indicate fasting-induced mitophagy in skeletal

muscle occurs piecemeal, and that Drp1 inhibition does not prevent

mitophagy but can induce wholesale recycling of mitochondrial

filaments.

Mitochondrial substructures can also be removed piecemeal by

an Lc3-independent mechanism utilizing mitochondria-derived

vesicles (MDVs) (Sugiura et al., 2014; Cadete et al., 2016).

However, 88.5% of mitolysosomes were measured to be within

0.5 µm of an Lc3+ object (Fig. 5I). Thus, in fasted muscle, theMDV

pathway is not likely to play a major role in mitochondrial recycling.

In sum, mitophagy in fasted skeletal muscle occurs primarily by a

piecemeal mechanism utilizing Lc3+ organelles.

Fig. 5. See next page for legend.
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Hif activation induces mitophagy

Tissue hypoxia (ischemia) occurs inmuscle during exercise and other

physiological and pathophysiological conditions (Leermakers and

Gosker, 2016; Lee et al., 2019; Ferdinand and Roffe, 2016). This

stress leads to production of excess reactive oxygen species,

mitochondrial damage and mitophagy (Kaelin and McKnight,

2013). We used the zebrafish mitophagy reporter system to dissect

the effects of hypoxia and activation of the Hif pathway on muscle

mitophagy (Fig. 6A). To avoid fasting-induced mitophagy as a

confounding variable, we examined larvae younger than 5 dpf. To

induce physiological hypoxia, zebrafish larvaewere raised in hypoxic

fish water within a hypoxia chamber (4.7% O2) from 77–96 hpf,

causing death in 11 of 35 larvae, indicative of the substantial hypoxic

stress induced by this approach. Surviving larvae had a significant

increase in mitophagy in skeletal muscle, although variation between

animals was high (Fig. 6B). Next, we tested whether chemical

activators of Hif signaling inducedmitophagy in skeletal muscle. The

prolyl hydrodylase (PHD) inhibitor dimethyloxalylglycine (DMOG)

has been validated to induce Hif activation in similarly aged zebrafish

larvae (Elks et al., 2013; Ivan et al., 2001; Iliopoulos et al., 1996).

Fish exposed to DMOG from 3–4 dpf exhibited robust mitophagy

compared to controls (Fig. 6C). This result was confirmed by

exposing zebrafish to FG-4592 (Roxadustat), a chemically dissimilar

PHD inhibitor evaluated for FDA approval, which caused a similar

increase in mitophagy (Fig. 6D). Genetic knockdown of vhl using a

previously validatedMO (Harris et al., 2013) also inducedmitophagy

at 3 dpf (Fig. 6E). Knockdown of hif1ab using a previously validated

MO (Harris et al., 2013; Lim et al., 2017) abrogated DMOG-induced

mitophagy (Fig. 6F), indicating that DMOG treatment induces

mitophagy via Hif signaling activation and not via off-target effects.

To test whether Hif activation alone was sufficient to induce

mitophagy in skeletal muscle in a cell autonomous manner,

dominant-active Hif (DA-hif1ab) (Elks et al., 2011) and nuclear-

localized EGFP were expressed under the control of the

muscle-specific unc45b promoter (Berger and Currie, 2013). This

resulted in mosaic expression of nuclear EGFP, marking the cells

expressing DA-hif1ab to be compared to neighboring EGFP− WT

cells within the same animal. EGFP+ cells had high levels of

mitophagy, whereas surrounding EGFP− cells had little-to-no

mitophagy (Fig. 6G). Together, these results confirm that hypoxia

and Hif activation elicit mitophagy in a cell-autonomous fashion.

Disruption of bnip3 alone diminishes Hif-induced mitophagy

Next, we used the volumetric in vivo mitophagy quantification

method and high-efficiency genome editing to dissect the molecular

mechanisms required for Hif-induced mitophagy in vertebrate

skeletal muscle. As a positive control, we tested whether the

mitophagy signal resulting from DMOG exposure was dependent

on macroautophagy by assessing dependence on Vps34 function,

which is necessary for autophagosome formation and vital for

macroautophagy (Ronan et al., 2014). A cohort of DMOG-exposed

larvae (both ubi:mitoKeima and ubi:mito-GR in independent

experiments) was treated with the Vps34 inhibitor SAR405 (Ronan

et al., 2014). Exposure to SAR405 abrogated DMOG-induced

mitophagy (Fig. 7A; Fig. S4), indicating that macroautophagy is vital

for Hif-induced mitophagy.

HIF-induced mitophagy is thought to rely on the function of

specific mitophagy receptors BNIP3, BNIP3L and FUNDC1,

which contain LC3-interacting regions (LIRs) (Birgisdottir et al.,

2013; Yoo and Jung, 2018; Hanna et al., 2012). Furthermore, the

PINK1–PARKIN pathway governs mitochondrial depolarization-

induced mitophagy (Pickles et al., 2018; Harper et al., 2018), but its

role in hypoxia-induced mitophagy remains controversial with

evidence in other model organisms both for (Kim et al., 2019; Zhang

et al., 2016a) and against (Lee et al., 2018) a role. To test the

requirement of these factors for Hif-induced mitophagy, we performed

a targeted genetic epistasis screen. bnip3, bnip3la (nix) and fundc1were

disrupted in F0 larvae using high efficiency CRISPR methodology, an

established and rapid method to assess loss of gene function (Fig. S5)

(Burger et al., 2016; DiNapoli et al., 2020). Surprisingly, larvae injected

with bnip3-targeted CRISPR cutter (CC) reagents reliably exhibited

dramatic reduction in DMOG-induced mitophagy, indicating that

singular disruption of the bnip3 locus diminishes Hif-induced

mitophagy in vertebrate skeletal muscle (Fig. 7B; Fig. S6).

Disruption of other receptors implicated in hypoxia-induced

mitophagy, specifically bnip3la (Fig. 7C) and fundc1 (Fig. 7D), had

no effect on DMOG-induced mitophagy. These results indicate that

bnip3, a single mitophagy receptor, is necessary for the Hif-induced

mitophagy response in vertebrate skeletal muscle.

BNIP3 has been shown to interact directly with PINK1,

promoting mitophagy via the PINK1–PARKIN pathway (Zhang

et al., 2016a), and a study in flies showed that Pink1 was necessary

for hypoxia-induced mitophagy (Kim et al., 2019). However, there

were no significant differences in Hif-induced mitophagy in skeletal

muscle between fish homozygous for an established pink1 null

allele (gi2) (Zhang et al., 2017) and their WT or heterozygous

siblings (Fig. 7E; Fig. S7A). Larvae injected with a validated pink1

MO (Priyadarshini et al., 2013) also showed no difference in

DMOG-induced mitophagy compared to controls (Fig. S7B).

Furthermore, disruption of prkn had no effect (Fig. 7F). We

sought to confirm the F0 CRISPR results by generating a stable

bnip3 mutant line, containing a 5-bp frame-shift deletion in exon 2

and an early stop codon (Fig. S7C,D). Larvae homozygous for the

mutant bnip3 allele had drastically reduced mitophagy capacity

compared toWTwhen challenged with DMOG (Fig. 7G; Fig. S7E).

Interestingly, the bnip3-dependent mitophagy response was specific

Fig. 5. Mitophagy trafficking dynamics: mitophagy occurs piecemeal.
(A) Isosurface object projections of confocal time-lapse imaging of fasted

skeletal muscle in 5 dpf ubi:mito-Keima larva. Scale bar: 4 µm. (A′) Magnified

view of region indicated in A; mitophagy occurs piecemeal. An EGFP–Lc3+

surface is interacting with a Keima440high filamentousmitochondrion (86 min; *).

Then, a small portion of the longer filamentous mitochondrion becomes

Keima561high, indicating pH change and mitophagy (89 min; *). Scale bars:

1 µm. (B) Maximum intensity projection (MIP) and isosurface object

representations displaying healthy mitochondria (Keima488/561),

mitolysosomes (Keima561/488), EGFP–Lc3+ objects, and LysoTracker

Deep Red+ objects. Red dashed lines outline highlights an autolysosome

containing degraded mitochondria. Yellow dashed lines outline highlights an

autophagosome containing no mitochondria. Scale bars: 2 µm.

(C) Classification of EGFP–Lc3+ objects as autophagosomes or

autolysosomes. Those in contact with LysoTracker+ objects are autolysosomes,

and the remaining are autophagosomes. (D) Volume quantification of

autophagosomes and autolysosomes. (E) Colocalization analysis between

mitolysosomes (Keima561high objects) and autophagosomes or

autolysosomes. (F) Colocalization analysis between healthy mitochondria and

autophagosomes or autolysosomes. In D–F and I data are shown as mean±

s.e.m. P-values were calculated with an unpaired, two-tailed Student’s t-test. Δ,

percentage change between autophagosomes and autolysosomes. n=4

individual 6 dpf larvae. (G,H) MIP of 7 dpf ubi:mito-Keima larvae injected with an

inducible DN-Drp1 construct. Compare the piecemeal mitophagy pattern in the

control to the wholesale mitophagy pattern in the injected (white dotted outlines).

Mitochondrial morphology is also altered in DN-Drp1-injected larvae (arrows).

Graph (H) depicts mitophagy index calculations from EGFP+;DN-Drp1 cells and

paired, neighboring EGFP−;WT cells. Each dot is an individual cell for a total of 9

pairs of cells from three different animals. P, paired, two-tailed Student’s t-test.

Scale bars: 4 µm. (I) Colocalization analysis between mitolysosomes and Lc3+

objects.
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Fig. 6. Activating Hif signaling induces mitophagy in
skeletal muscle. (A) Schematic of Hif signaling pathway. 2-OG,

2-oxoglutarate. All subsequent conditions in which Hif signaling

is activated are coded red and those with Hif inactive are gray.

(B–D) Isosurface renderings and mitophagy index quantification

in skeletal muscle of 4 dpf ubi:mito-Keima zebrafish exposed to

(B) 4.7% oxygen (hypoxia), (C) 60 µM DMOG or (D) 10 µM FG-

4592 from 3-4 dpf. Data shown are mean±s.e.m. P-values were

calculated with an unpaired, two-tailed Student’s t-test. Δ,

percentage change of experimental cohort to control cohort.

n indicates number of larvae in each cohort. Scale bars: 30 µm.

(E) Isosurface renderings and quantification of mitophagy in

skeletal muscle of 3 dpf zebrafish injected with control MO (Ctrl)

or vhl antisense MO. Scale bars: 30 µm. Data shown are mean

±s.e.m. P-values were calculated with an unpaired, two-tailed

Student’s t-test. Δ, percentage change of experimental cohort to

control cohort. n indicates number of larvae in each cohort.

(F) Isosurface renderings and quantification of the mitophagy

index in skeletal muscle of 3 dpf zebrafish injected with control

MO (Ctrl) or hif1ab MO and treated with 100 µm DMOG from

2–3 dpf. Scale bars: 30 µm. Data shown are mean±s.e.m.

P-values were calculated with an unpaired, two-tailed Student’s

t-test. Δ, percentage change of control cohort to hif1ab MO

cohort. n indicates number of larvae in each cohort.

(G) Confocal microscopy images of 4 dpf ubi:mito-Keima

expressing dominant active (DA) hif1ab in a mosaic fashion.

Keima440 is cyan. Keima561 is magenta. Nuclear EGFP is

yellow and indicates the cells that express DA-hif1ab. White

dotted line outlines two adjacent myotubes expressing

DA-hif1ab and undergoing mitophagy. Graph on right shows

values for individual cells for a total of 10 pairs of cells from three

different animals. P-value was calculated with an paired,

two-tailed Student’s t-test. Scale bar: 2 µm.
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to Hif-induced mitophagy. Fasted fish homozygous for the bnip3 or

pink1 mutant alleles displayed no difference in mitophagy index

compared to WT animals (Fig. S7F,G). In sum, bnip3, a single Hif-

responsive mitophagy receptor, mediates Hif-induced mitophagy in

skeletal muscle, independently of the pink1-prkn pathway.

DISCUSSION

In this study, we reveal fundamental characteristics of in vivo

mitophagy during normal organ development and complex

physiological stresses using mitophagy biosensor zebrafish combined

with time-lapse and quantitative imaging. Basal mitophagy occurred in

Fig. 7. bnip3 regulates Hif-induced mitophagy in
muscle independently of bnip3la, fundc1, pink1 and
prkn. (A) Mitophagy index quantification of larvae

treated with 100 µM DMOG or vehicle (DMSO) and

20 µM SAR405 or vehicle (DMSO). Representative

isosurface rendering images show the effect of

SAR405 treatment on DMOG-induced mitophagy.

(B–D,F) Mitophagy index quantification and

representative isosurface rendering images of DMOG-

induced mitophagy in larvae injected with CRISPR

cutters (CC) targeting (B) bnip3, (C) bnip3la (nix),

(D) fundc1, or (F) prkn. (E) Mitophagy index

quantification and representative isosurface rendering

images of DMOG-inducedmitophagy in larvae carrying

a null pink1 allele (gi2) and siblings. (G) Mitophagy

index quantification and representative isosurface

rendering images of DMOG-induced mitophagy in

larvae carrying a 5-bp deletion mutation in the bnip3

gene. Data shown are mean±s.e.m. *P<0.01 (two-way

ANOVA with Holm–Sidak’s multiple comparisons test).

Each comparison between vehicle- and DMOG-treated

samples was also significant (P<0.05) except in (A)

vehicle controls to DMOG+SAR405, (B) vehicle

controls to DMOG+bnip3 CC, and (G) vehicle controls

to bnip3−/−+DMOG. Scale bars: 20 µm. See Figs S4,

S6 and S7 for replicates and full statistical analyses. n

indicates number of larvae in each cohort.
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many developing organs. In fasted skeletal muscle, mitolysosomes

initially increased in size, followed by a period of concurrent

mitophagy and mitolysosome fission. Time-lapse imaging revealed

fasting-induced mitophagy to occur in vivo via a piecemeal

mechanism. Hypoxia and Hif-activation induced mitophagy in

skeletal muscle. Hif-induced mitophagy requires bnip3 function, but

pink1, prkn, bnip3la and fundc1 are dispensable. In sum, these results

reveal in vivo subcellular dynamics and molecular mechanisms

regulating physiological-stress induced mitophagy.

Many organs exhibit mitophagy during development

Transgenic animals expressing mitophagy reporter constructs have

begun to reveal basal mitophagy levels in vivo. Murine studies have

demonstrated that adult tissues with high metabolic demands –

brain, liver, kidney, spleen and skeletal muscle – have high basal

mitophagy levels (McWilliams et al., 2016; Sun et al., 2015).

Similarly, studies in flies show basal mitophagy in the central

nervous system, epidermis and muscle (Lee et al., 2018). The

developing mouse heart and kidney display high mitophagy

(McWilliams et al., 2016), but more extensive developmental

analyses have not been performed. Recently, nipsnap1 mutant

zebrafish were found to have decreased basal mitophagy in skin and

defects in dopamine neuron development (Abudu et al., 2019). Our

study detects widespread mitophagy in embryonic and larval

zebrafish during the development of many organs, including several

that were previously unrecognized, such as the spinal cord,

notochord, vasculature, pancreas and liver.

Mitophagy occurs via a piecemeal process in vivo

The in vivo dynamics of mitophagy have not been previously

studied via live imaging. The canonical mitophagy sequence

involves mitochondrial fission occurring prior to engulfment by

preformed autophagosomes (Anding and Baehrecke, 2017).

Conversely, in HeLa cells, mitophagy receptors localized to the

point of damage on mitochondria can recruit the ULK1 complex,

initiating autophagosome biogenesis locally (Vargas et al., 2019)

and concurrently with mitochondrial division (Yamashita et al.,

2016). In live zebrafish skeletal muscle, we found that many

autophagosomes and most autolysosomes were in direct contact

with intact mitochondrial filaments, indicating that much of

autophagosome biogenesis may occur locally, and that much of

the fasting-induced autophagy occurring is mitophagy. Time-lapse

analysis indicated that mitophagy, as defined by a transition from

Keima440high to Keima561high, occurred near these points in a

piecemeal fashion. This also reveals that the process of

autophagosome acidification in skeletal muscle is rapid during

this advanced stage of fasting.

The piecemeal nature of mitophagy in skeletal muscle may be an

adaptation necessary to allow for muscle mitochondria to exist as

large, fused networks to more efficiently generate ATP and other

metabolites (Romanello and Sandri, 2013; Friedman and Nunnari,

2014). Interestingly, there are studies linking mitochondrial fission

to both increased and decreased mitophagy. In MEFs,

downregulation of Drp1 (also known as Dnm1l), a GTPase vital

for mitochondrial fission, occurs after nutrient starvation leading to

elongated mitochondria, and mitochondrial fusion-deficient Opa1-

knockout cells are primed for mitophagy (Rambold et al., 2011).

Increased mitochondrial fission and mitophagy caused by Drp1

activation during mid-life increases lifespan in Drosophila (Rana

et al., 2017). In C. elegans and mice, PUM2 is induced upon aging

and inhibits mitochondrial fission factor (Mff ), which, in turn,

inhibits mitochondrial fission and mitophagy (D’Amico et al.,

2019). However, in separate study in mice, skeletal muscle-specific

deletion of Opa1, a protein necessary for inner mitochondrial

membrane fusion, leads to fragmented mitochondria and mitophagy

defects (Rodríguez-Nuevo et al., 2018). Indeed, another study

demonstrated that loss of Drp1 caused wholesale turnover of

mitochondria, leading to an increase in the rate of mitophagy and a

decrease in the specificity of clearing the damaged mitochondrial

compartments (Burman et al., 2017). In zebrafish muscle, we found

that expression of DN-Drp1 led to a more tubular mitochondrial

morphology. We found no immediate effect on mitophagy levels in

fasted zebrafish muscle but did observe instances of wholesale

mitochondrial turnover. It will be important to investigate under

which circumstances Drp1-facilitated piecemeal mitophagy and

Drp1-independent wholesale mitophagy occur, and how they are

linked to physiological or pathophysiological outcomes. It will also

be important to determine why mitophagy occurs at specific points

along the mitochondrial filament in vivo. The topology and shape of

mitochondria have been implicated as driving forces for starvation-

induced mitophagy in osteosarcoma cells (Zhou et al., 2020).

Differential segregation and phosphorylation of mitochondrial

matrix proteins was also shown to determine mitophagy rates of

different mitochondrial proteins (Abeliovich et al., 2013; Kolitsida

et al., 2019). It is exciting to speculate that different mitochondrial

proteins could segregate to specific subdomains and dictate the

location of mitochondrial fission and mitophagy.

Different types of piecemeal selective autophagy have been

discovered. A LIR-containing protein TEX264 was recently

demonstrated to be necessary for piecemeal selective autophagy

of the ER in HEK293 cells (Abeliovich et al., 2013), proving that

receptor-mediated selective autophagy can also occur piecemeal. In

HeLa cells, a homeostatic piecemeal mitophagy mechanism relies

on p62 (SQSTM1) and LC3C (MAP1LC3C) but not PINK1–

PARKIN to regulate oxidative phosphorylation (Le Guerroué et al.,

2017). A recent study explored mitophagy kinetics using mild

oxidative stress to induce more physiological levels of mitophagy in

cultured rat neurons, suggesting that mild mitochondrial stresses

may better model the in vivo process (Evans and Holzbaur, 2020). It

is possible the wholesale mechanism only occurs in dying cells or

those with defects in mitochondrial fission, or that it is primarily an

in vitro event caused by unphysiologically high mitochondrial stress

levels. It will be important for future work to analyze the mitophagy

trafficking dynamics and mechanisms in vivo in other cell types and

under different physiological stresses to uncover endogenous

mitophagy kinetics and to determine whether every instance of

mitophagy occurs via a piecemeal mechanism.

bnip3 is required for hypoxia-induced mitophagy

Many genes have been implicated in both ubiquitin-dependent and

ubiquitin-independent mitophagy (Rodger et al., 2018; Anding and

Baehrecke, 2017; Harper et al., 2018). These studies, however, were

primarily performed in cell culture with limited confirmation of

conserved mechanisms in vivo. BNIP3, BNIP3L and FUNDC1 have

all been linked to hypoxia-induced mitophagy and HIF signaling

(Yoo and Jung, 2018; Hanna et al., 2012). They contain domains to

localize them to the mitochondrial outer membrane, and LIRs, which

bind to LC3 and recruit autophagosomal membranes (Birgisdottir

et al., 2013). BNIP3 mediates hypoxia-induced mitophagy in MEFs

and murine lung tissue (Zhang et al., 2008). In murine skeletal

muscle, FoxO signaling causes fasting-induced autophagy via

BNIP3, although neither mitophagy nor hypoxia were analyzed

(Mammucari et al., 2007). BNIP3 also facilitates mitophagy in

murine cortical neurons in a stroke model (Shi et al., 2014) and in
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murine hearts and HL1 cardiac muscle cells after myocardial

ischemia/reperfusion injury (Hamacher-Brady et al., 2007).

BNIP3L is linked to hypoxia-induced mitophagy in ischemic brain

injury and heart ischemia/reperfusion injury in mice (Yuan et al.,

2017). FUNDC1 is thought to facilitate hypoxia-mediated mitophagy

in HeLa cells (Liu et al., 2012; Chen et al., 2014), several murine

tissues including platelets, liver, heart, and muscle (Zhang et al.,

2016b), and also in cardiac ischemia/reperfusion injury (Zhou et al.,

2017). In light of these studies, it might be expected that multiple,

redundant mitophagy receptors facilitate the hypoxia response in

skeletal muscle. In contrast, we found that mutation of the singular

receptor bnip3 prevented Hif-induced mitophagy in skeletal muscle,

whereas disruption of bnip3la or fundc1 had no effect. Our results add

mechanistic insight into the tissue- and stress-dependent contexts for

vertebrate mitophagy mechanisms.

There is conflicting evidence for how BNIP3 induces mitophagy.

In MEFs, BNIP3 functions by facilitating the release of Beclin-1

from Bcl-2, allowing Beclin-1 to initiate autophagy independently

of the PINK1–PARKIN pathway (Zhang et al., 2008). However, a

separate study in MEFs and HEK293 cells showed BNIP3

interacted with and stabilized PINK1, which recruited PARKIN to

the mitochondrial outer membrane and initiated PINK1–PARKIN-

dependent mitophagy (Zhang et al., 2016a). Separately, Pink1 was

shown to be necessary for hypoxia-induced mitophagy in flies (Kim

et al., 2019). In zebrafish, however, we tested an established mutant

pink1 allele, pink1morphants and prkn disruption via CRISPR, and

found that none of these interventions influenced or prevented Hif-

induced mitophagy in zebrafish muscle. This supports the

conclusion that in vertebrates, bnip3-induced mitophagy is

independent of the Pink1–Parkin ubiquitination system. In flies,

Pink1 mutation causes muscle degeneration (Clark et al., 2006;

Yang et al., 2006; Park et al., 2006), and BNIP3 overexpression can

rescue the phenotype (Zhang et al., 2016a). In humans (Gasser,

2009), monkeys (Yang et al., 2019), mice (McWilliams et al., 2018)

and zebrafish (Zhang et al., 2017), there is no evidence of direct

muscle degeneration due to PINK1 mutation, indicating that there

are important differences between vertebrate and invertebrate

mitophagy mechanisms. Because there are few yeast homologs to

vertebrate mitophagy receptors (Mao et al., 2011), and due to the

observed differences in mitophagy mechanisms between vertebrate

and invertebrate models, analysis of mitophagy reporter zebrafish

provides a unique avenue toward deeper understanding of

mitochondrial quality control dynamics and mechanisms. In

summary, our study revealed widespread mitophagy during

development, fundamental piecemeal mitophagy dynamics during

fasting and that hypoxia-induced mitophagy in muscle is dependent

on bnip3.

MATERIALS AND METHODS

Animal studies

Zebrafish (Danio rerio; WT strains, Tübigen/TU and Tüpfel long fin/TL)

were maintained according to institutional animal care and use committee

(IACUC-BIDMC #506-2015) protocols. Adult fish and larva were raised at

28.5°C. All studies were performed in larval zebrafish before sex can be

determined, and therefore sex was not taken into consideration. All embryos

and larvae were raised and experimentally treated in E3 salt solution. For

experiments involving larval feeding, embryos were provided live

paramecia and larval AP-100 fish food (Zeigler) ad libitum.

Molecular cloning and transgenesis

Transgenic lines Tg(ubi:mito-Keima,cryaa:Cerulean), Tg(ubi:mito-GR)

and Tg(fabp10a:mito-GR) were generated using tol2 transgenesis

(Mosimann and Zon, 2011; Mosimann et al., 2011; Her et al., 2003).

Plasmids generated or used are listed in Table S1. Middle entry vector

pENTR:mito-Keima was generated via PCR using pHAGEmt-Keima IRES

Puro as template and pENTR/D-TOPO kit (Invitrogen) following the

manufacturer’s instructions. A Gateway reaction using LR Clonase II Plus

(Invitrogen) was used to generate the pTol2-ubi:mito-Keima,cryaa:

Cerulean vector following manufacturer’s instructions. Middle entry

vector pME-mito-GR was generated using BP Gateway cloning using

pCLBW cox8 EGFP mCherry (Rojansky et al., 2016) and pDONR221

(Invitrogen) using Gateway BP Clonase II Enzyme (Invitrogen) mix

following manufacturer’s instructions. LR Gateway cloning was used to

generate pTol2-ubi:mito-GR and pTol2-2.8fabp10a:mito-GR.Middle entry

vector pENTR-DA-hif1ab(noStop) was generated using PCR to amplify

DA-hif1ab minus the Stop codon from a plasmid containing DA-hif1ab

(Elks et al., 2011), which was a gift from Phil Elks (Department of Infection,

Immunity and Cardiovascular Disease, University of Sheffield, UK).

Middle entry vector pENTR-DN-Drp1(noStop) was generated similarly

using a plasmid containing Drp1(K38A) (Smirnova et al., 1998). LR

Gateway reactions generated the pTol2-503unc45b:DA-hif1ab-2A-

nlsEGFP,cryaa:mCherry, pTol2-hsp70l:DN-Drp1-2A-nlsEGFP,cryaa:

mCherry, and pTol2-hsp70l:mito-Keima,cryaa:mCherry vectors

following manufacturer’s instructions. Tol2 mRNA was synthesized using

the mMessage mMachine SP6 in vitro transcription kit (Invitrogen)

following the manufacturer’s instructions. To generate stable transgenic

lines, one-cell stage TU embryos were injected with the transgenesis vector

and tol2 transposase mRNA. Positive embryos were screened either for cyan

fluorescent lenses (ubi:mito-Keima) or for EGFP fluorescence (ubi:mito-

GR and fabp10a:mito-GR) and raised to adulthood. F0 adults were

outcrossed to TL mates, the F1 generation clutches were screened for bright

fluorescence, and potential founders were raised. Potential F1 founders were

outcrossed again to TU or TL mates and screened for bright fluorescence

and 1:1 ratio of WT to transgenic offspring indicative of single copy

insertion (Mosimann and Zon, 2011).

Fasting and feeding protocols

Fasted fish were kept in E3 medium cleaned of any dead larvae and shed

chorions. Fed controls were provided live paramecia and AP100 dry larval

diet (Zeigler) ad libitum. For heat-shock induction of mito-Keima and

DN-Drp1, injected F0 mosaic larvae were placed into a 50 ml conical tube

with 35 ml of E3 then incubated for 45 min at 38°C before being returned to

room temperature E3.

Hypoxia and chemical treatments

For MitoTracker analysis, larvae were exposed to 1 µM MitoTracker Green

FM (Cell Signaling Technology) overnight in E3, washed in E3 twice and

prepared for imaging. For LysoTracker analysis, larvae were exposed to

1 µM LysoTracker Green DND-26 (Cell Signaling Technology) or

LysoTracker Deep Red (Thermo Fisher Scientific) overnight in E3,

washed in E3 twice and prepared for imaging. For all drug treatment

experiments, single clutches were used and split between experimental

groups. If additional embryos were necessary, two clutches from sibling

breeding pairs were combined and mixed to split randomly. For hypoxia

experiments, E3 was reduced to ∼1.7 mg/l O2 by bubbling in a mixture of

∼96% N2 and 4% O2 for ∼10 min. The larvae E3 in a 10 cm dish was

replaced with about 40 ml of the hypoxic water, and the dish was moved to a

hypoxia chamber, which was then flushed with the same mixture of ∼96%

N2 and 4% O2 for about 10 min until an O2 sensor (DO210, Extech

Instruments) read 4.7%. The chamber was sealed and moved into the 28.5°C

incubator. For chemical hypoxia experiments, larvae were exposed to

60 µM or 100 µM DMOG (Tocris) or 10 µM FG-4592 (Cayman Chemical)

in E3 from ∼70 hpf to ∼98 hpf. The exception is the pink1MO experiment,

for which the treatment window was from 48–72 hpf because MO

knockdown is most effective during the first 3 dpf before additional cell

divisions dilute the MO (Bill et al., 2009). For SAR405 experiments, larvae

were split into cohorts receiving vehicle (DMSO; SigmaAldrich) or 100 µM

DMOG and then those cohorts were split into cohorts receiving additional

vehicle (DMSO) or 10 µM SAR405 (EMD Millipore). The SAR405

treatment experiment and each high-efficiency CRIPSR experiment was

replicated.
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Confocal microscopy

Microscopy was performed using an inverted Ti2 (Nikon) microscope

equipped with a Yokogawa CSUW1 spinning disc confocal unit, a CFI Apo

LWD Lambda S 40XC WI (1.15 NA) objective lens (Nikon), and a Zyla

4.2+ sCMOS camera (ANDOR). Keima images were captured by exciting

with 440 nm laser light and 561 laser light with ET Cy3/TRITC emission

filter (Chroma) in triggered acquisition mode. Mito-GR images were

captured using 488 nm laser light and 561 nm laser light with ET FITC/

TRITC dual emission filter (Chroma) in triggered acquisition mode. For

MitoTracker Green, LysoTracker Green, EGFP–Lc3, and nlsEGFP imaging,

488 nm excitation was utilized with a 525/36 FITC emission filter

(Chroma). For Lysotraker Deep Red, a similar microscope equipped with

a 640 nm laser and ET705/72m emission filter (Chroma) was utilized. For

images involving both Keima and EGFP signal, the EGFP images were

uniformly frame-shifted (Nikon Elements) based on control images to

account for the shift caused by using different dichroic mirrors. For the in

vivo mitophagy dynamics time-lapse imaging (Fig. 4; Movie 2), an iXon

Life 888 EMCCD (ANDOR) was used for its increased light sensitivity and

frame rate capacity, allowing greater time resolution. Resolution was

calculated by 1.22×(wavelength)/(2×NA). For the 440 nm laser, this yields

233.4 nm. For the 561 nm laser, this yields 297.6 nm. Axial resolution is

determined by 2×(wavelength)×(refractive index of the medium)/(NA2). For

the 440 nm laser, this yields 886.3 nm. For the 561 nm laser, this yields

1130 nm. Imaris software (Bitplane) deconvolution algorithms were also

applied to further improve axial resolution for colocalization analyses.

Larvae were anesthetized with 0.16 mg/ml Tricaine-S (Western Chemical,

Inc.) and mounted on glass-bottom dishes (MatTek) in 0.8% low-melt point

agarose in E3-containing Tricane. After the agar solidified, additional E3

plus tricane was added to keep the gel hydrated during imaging. For skeletal

muscle imaging, the collection volume was centered on the ninth and tenth

myotomes. For all quantitative experiments, images of all samples were

collected with identical laser power, camera gain and exposure time.

Image analysis

All mito-Keima image analysis was conducting using Imaris (Bitplane)

software with either FIJI (ImageJ) or MATLAB (MathWorks) plugins to

enable image mathematics. Raw images from Nikon Elements (.nd2) were

converted to Imaris (.ims) file format using Imaris Image Converter

(Bitplane) and imported to Imaris. A surface mask was drawn manually

using the Surfaces function to segment muscle tissue away from skin.

A ratiometric image (FIJI or MATLAB) was generated by changing the data

type to 32 Bit Float and applying the following equation: (Keima561

channel)/(Keima440 channel+150). The 150 addition was chosen as a

constant that is higher than background signal. This ensured that areas of low

signal from both Keima561 and Keima440 were excluded. The ratiometric

image normalizes for the decrease in signal intensity as imaging depth into

the tissue increases and for small intensity differences between samples.

Then, an isosurfaces thresholding algorithm was applied to the ratio

channel, with 0.15 µm surface grain (smoothing) to eliminate noise, using a

threshold value determined for each experiment from images of control fish.

A size cutoff removed objects smaller than 2 voxels to eliminate additional

noise. Obviously spurious surfaces were removed manually. Rarely,

individual slices were removed from z-stack images to account for fish

movement, which caused edge artifacts in some ratio images. Mitolysosome

density was determined by dividing the number of ratio surface objects by

the total tissue surface volume. The mitophagy index was determined by

dividing the sum of all ratio surface object volumes by the total tissue

surface volume. For mito-GR images, a deconvolution algorithm (Imaris) to

adjust for the behavior of light of differing emission wavelengths (green and

red) was used reduce edge artifacts. Object tracking in time-lapse

microscopy (Fig. 4; Movie 2) was performed using Imaris software

(Bitplane). Mitophagy isosurface masks were generated as described above.

Mitochondria surfaces were generated using a 0.325 µm surface grain

(smoothing), background subtraction (diameter largest sphere=1.219 µm), a

manually determined florescence intensity threshold, and a size cutoff

eliminating objects smaller than 15 voxels. Object tracking was performed

on ratio surface objects, using autoregressive motion, a maximum distance

of 1.003 µm, a maximum gap size of 3 (without gap filling), and a track

duration minimum of 5.534 s. We manually assessed each newly formed

mitophagy isosurface object, defined as a Ratiohigh tracked object that was

not present at time zero; other mitophagy objects were considered stable.

Using a combination of microscopy views, new objects were manually

classified as new mitophagy, split mitolysosomes or from outside. For

lysosome size analysis, LysoTracker Green z-stack images were acquired

covering 8.8 µm depth within the skeletal muscle of the fish and analyzed

using Imaris (Bitplane). First, total tissue volume was determined by

manually drawing a surface around the evenly illuminated muscle tissue and

excluding signal from other tissues. Then, the surface was used to mask the

image, and an additional isosurface generation algorithm was applied to

measure the number and volume of LysoTracker Green objects. Smoothing

of 0.125 µm and background subtraction allowing for objects with an

estimated diameter of 0.4 µm was included in the processing along with a

filter for objects >2 voxels to remove additional background objects.

Lysosome surface number, lysosome surface volume and total tissue

volume were exported and used for analyses. For object-based

colocalization experiments (Fig. 5B–F,I), Keima was excited using

488 nm and 561 nm lasers using a microscope equipped with a 640 nm

laser needed to excite LysoTracker Far Red (this microscope does not have a

440 nm laser); 488 nm exposure excites both acidic and neutral/basic

mitochondria, whereas 561 nm excitation heavily favors excitation of acidic

mitochondria. Thus, healthy mitochondria were segmented using an image

generated using the following equation: (Keima488 channel)/(Keima561

channel+1). Because the background signal was higher in the Keima561

channel than the Keima488 channel, a small non-zero number could be used.

One myotome was manually segmented, and all objects were counted within.

Mitolysosomes were segmented using an image generated using the

following equation (Keima561 channel)/(Keima488 channel+150). EGFP–

Lc3+ and LysoTracker Deep Red+ objects were segmented as described

above. Object-based colocalization was performed using distance

transformations from each object category, and objects near the edges of

the somite or image border were excluded. Lc3+ objects were considered

autolysosomes if there was a LysoTracker Deep Red object within 1 nm of it

(filtered by Signal Intensity >1 in the LysoTracker Deep Red objects distance

transformation channel). If not, they were considered autophagosomes. An

autophagosome or autolysosome was considered ‘in contact’ with a healthy

mitochondrion if there was a Keima488/561 object within 0 nm of it (filtered

by Signal Intensity >0 in the Keima488/561 objects distance transformation

channel). Amitolysosomewas considered near an Lc3+ object if it was within

0.5 µm (filtered by Signal Intensity >500 in the Lc3+ objects distance

transformation channel). In Fig. S1A, isosurface renderings for MitoTracker+

objects, Keima440high objects, and Ratio objects [Keima561/

(Keima440+150)] were generated. The percentage of MitoTracker+ surfaces

colocalizing with either Keima surface was determined by combining the

Keima440 objects and Ratio objects, generating a distance transformation

channel. A MitoTracker+ object was considered colocalized if it was located

less than 1 nm from a Keima+ objects (Minimum Signal intensity in the

distance transformation channel <1). Similar calculations were performed for

Keima440high or Ratiohigh objects colocalizing with MitoTracker surfaces,

and for LysoTracker+ objects colocalizing with EGFP or Ratiohigh objects in

ubi:mito-GR embryos (Fig. S1D).

Morpholino injections

Morpholinos (GeneTools, LLC) were reconstituted to 1 mM stock solutions

in water. The injection mixes were prepared at 0.9 mM (atg5), 0.4 mM (vhl),

0.2 mM (hif1ab), or 0.2 mM ( pink1), and∼2 nl was injected into the yolk of

one-cell stage embryos. The sequences are listed in the Table S1.

CRISPR

All CRISPR genome editing was performed using a variation of the high-

efficiency protocol described previously (Burger et al., 2016). Guide RNA

sequences were designed using CHOPCHOP (Labun et al., 2019) and

chosen to target a 5′ exonic region with the potential to introduce STOP

codons in the event of frameshift. Alt-R crRNA (IDT) constructs were

reconstituted and annealed with Alt-R tracrRNA (IDT) to form gRNA

duplexes according to the manufacturer’s instructions. Injection mixes were

prepared by mixing 1 µl the gRNA duplex, 1 µl Duplex Buffer (IDT) and
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1 µl ENGEN Spy Cas9 NLS (NEB), and allowing the mix to incubate at

room temperature for at least 10 min. Approximately 2 nl of injection mix

was injected into both the cell and yolk of one-cell stage embryos. Efficient

editing was confirmed by PCR and Sanger sequencing. For experiments

using F0 CRISPR editing, the Sanger sequencing trace of each imaged larva

was used to determine the extent of editing by a researcher who was blind to

the experimental conditions. Editing was considered sufficient if trace files

showed a mixture of multiple traces emerging near the PAM site. Images

from larvae found to have low or no editing were removed from analysis

(Fig. S5). To isolate the bnip3mutants, F0 parents were outcrossed and PCR

and Sanger Sequencing was performed on gDNA isolated from pooled

larvae and TOPO cloned into pCR4-TOPO TA vector (Invitrogen).

Sequences were analyzed for the presence of alleles leading to premature

stop codons, and clutches containing such alleles were raised to adulthood

and outcrossed. Adult F2 fish were tail clipped and subjected to similar

TOPO sequencing to identify heterozygous founders.

Genotyping

DNA from individual larvae was extracted using proteinase K (Invitrogen)

and amplified by PCRwith the primer pairs (IDT) listed in the Table S1. The

5′ primer of the pink1gi2 PCR genotyping primer pair was synthesized with a

5′ 6-FAM (Fluorescein) fluorescent dye attachment necessary for DNA

fragment analysis, in which small, fluorescently labeled DNA fragments are

electrophoretically separated such that precise changes in size (down to

1 bp) can be detected. The pink1gi2 (Zhang et al., 2017) and bnip3 mutant

fish were identified by the presence of a small deletion, which was detected

using DNA Fragment Analysis (MGH CCIB DNA Core). Efficient editing

in F0 high-efficiency CRISPR experiments was confirmed by Sanger

sequencing, as described in the CRISPR section.

Statistical analyses

All graphs and statistical analyses were generated using Prism (GraphPad).

All bar graphs display the mean±s.e.m. unless otherwise stated in the figure

legend. For comparisons between only two conditions, standard, unpaired,

two-tailed Student’s t-tests were employed. For comparisons within groups

with four conditions, two-way ANOVA with Holm–Sidak’s multiple

comparisons test were employed. P values or an asterisk indicating

significant differences as defined in the figure legends were included in each

figure containing statistical analyses. Sample size was determined based on

similar experiments in the zebrafish field and practical considerations of the

maximum number of animals that could be injected or imaged within time

constraints. No animals were excluded from analyses. Each experiment was

performed on randomly chosen larvae from a single clutch from a single

mating pair or from randomly combined clutches from sibling mating pairs.

Figs S4, S6 and S7 were included for specific quantitative experiments to

demonstrate reproducibility and provide full statistical analyses.
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