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Abstract
Mitochondrial functioning and morphology are known to be connected through cycles of organelle
fusion and fission that depend upon mitochondrial membrane potential (ΔΨM); however, we lack
an understanding of the features and dynamics of natural mitochondrial populations. Using data
from our recent study of univariate mitochondrial phenotypic variation in Caenorhabditis briggsae
nematodes, we analyzed patterns of phenotypic correlation for 24 mitochondrial traits. Our
findings support a role for ΔΨM in shaping mitochondrial dynamics, but no role for
mitochondrial ROS. Further, our study suggests a novel model of mitochondrial population
dynamics dependent upon cellular environmental context and with implications for mitochondrial
genome integrity.
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1. Introduction
Mitochondria are dynamic organelles that participate in continuous cycles of fusion, fission
and autophagy within the cells of nearly all eukaryotic organisms. These cycles serve to link
mitochondrial shape to organelle function (Chen et al., 2005; Duvezin-Caubet et al., 2006)
as well as each mitochondrion to the larger mitochondrial population (Hyde et al., 2010).
Mitochondria perform several functions vital to eukaryotic life, including bioenergy (ATP)
production and regulation of calcium homeostasis and apoptosis, nearly all of which depend
upon the process of oxidative phosphorylation at the mitochondrial electron transport chain
(ETC). Electron transfer through functional protein complexes of the ETC is coupled to the
pumping of protons across the mitochondrial inner membrane, which establishes a
mitochondrial membrane potential (ΔΨM). This ΔΨM provides the potential energy to
generate ATP and serves to control fusion-fission cycles (Twig, Elorza, et al., 2008), both of
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which are necessary for mitosis, fuel sensing, autophagy and other processes (Graef &
Nunnari, 2011; Mitra et al., 2009; Molina et al., 2009). A natural consequence of ETC
function is the occasional leakage of electrons onto molecular oxygen, which can generate
reactive oxygen species (ROS) (Raha & Robinson, 2000). Under normal circumstances,
excess ROS are scavenged by various antioxidants before they can damage important
macromolecules (Imlay, 2008; Sedensky & Morgan, 2006); however, impairment of the
ETC often results in elevated ROS production (Dingley et al., 2009; Grad & Lemire, 2004;
Verkaart et al., 2007) and oxidative damage of proteins and nucleic acids (Wanagat et al.,
2001; Yang et al., 2007), along with depressed ΔΨM (Gaskova et al., 2007; Lemire et al.,
2009; Ventura et al., 2006) and altered mitochondrial dynamics (Ichishita et al., 2008).

Findings like those above highlight the integration between mitochondrial function,
morphology and the fusion-fission cycle, and many recent studies have aimed to reveal the
mechanistic bases of these relationships (Chen et al., 2005; Chen & Chan, 2005; Palermo et
al., 2007; Pham et al., 2004; Westermann, 2012; Wikstrom et al., 2009; Yasuda et al., 2011).
Mitochondrial ROS level does not appear to be related consistently to mitochondrial
morphology or dynamics. For example, elevated mitochondrial ROS levels have been
associated with both increased (Koopman et al., 2005) and decreased mitochondrial
branching (Grünewald et al., 2010; Pletjushkina et al., 2006). Conversely, studies examining
mitochondrial form and function in isolated cells and/or mutant organisms reveal a direct
link between ΔΨM and mitochondrial morphology, such that higher ΔΨM induces
organellar elongation (Ishihara et al., 2003; Legros et al., 2002) and loss of ΔΨM causes
severe fragmentation of the mitochondrial network (Duvezin-Caubet et al., 2006; Song et
al., 2007). Many of these mitochondrial shape changes are mediated by an altered balance
between mitochondrial fusion and fission (Chen et al., 2005; Okamoto & Shaw, 2005),
which is increasingly appreciated to have a role in human disease. For instance, abnormal
fusion-fission cycles are characteristic of neurodegenerative disorders including Parkinson’s
and Alzheimer’s disease (Irrcher et al., 2010; Su et al., 2010; Trimmer et al., 2000; Wang et
al., 2008; Winklhofer & Haass, 2010). Many of the genes and cellular intermediates
involved in mitochondrial dynamics (and its imbalance) have now been identified and
characterized (Dimmer et al., 2002; Griffin et al., 2006; Ishihara et al., 2003; Lee et al.,
2004; Meeusen et al., 2004; Scorrano, 2005; Yaffe, 1999). Based on such work, Twig and
colleagues proposed that the fusion-fission-apoptosis cycle creates a “quality control axis”
that acts to maintain mitochondrial integrity (Twig, Hyde, et al., 2008). In their model,
persistently depolarized mitochondria (those with low ΔΨM) are segregated from the
functional group by their inability to fuse. In this way low-functioning mitochondria – and
perhaps, damaged mitochondrial genomes – are weeded out and an overall healthier
organelle population is thus maintained (Bess, et al., 2012; Hyde et al., 2010; Kowald &
Kirkwood, 2011; Meyer & Bess, 2012; Twig, Hyde, et al., 2008).

Despite the abundance of research focused on the dynamics of individual mitochondria (i.e.,
fusion and fission cycles), less attention has been devoted to the population-level behaviors
of these organelles. A recent review highlights various “global” (cellular) and “local”
(individual mitochondrion) controls thought to influence mitochondrial fusion and fission,
suggesting that the collective mitochondrial population can indeed respond to cellular cues
(Hyde et al., 2010). For example, mitochondria have been observed to undergo concerted
hyper-fusion during G1-S phase of the cell cycle, and subsequent hyper-fragmentation as the
cell progresses into S phase (Hyde et al., 2010). Still, we have a limited understanding of the
biological roles of mitochondrial fission-fusion cycling and its organism-level
consequences, and little information regarding the features and dynamics of mitochondrial
populations and how these might influence individual mitochondrial form and function.
Further, although we have some information about the patterns of relationship between
certain mitochondrial phenotypes (e.g., ΔΨM and organelle elongation), no comprehensive
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survey of such phenotypes has been conducted within live organisms. Finally, the extent to
which research on cell lines and genetic fusion-fission mutants will apply to natural
populations of organisms remains unknown.

Caenorhabditis nematodes have emerged as important models for studying the underlying
causes of mitochondrial ETC dysfunction and its associated biological consequences.
Mitochondrial metabolism and ETC function are known to be extremely similar in worms
and mammals (reviewed in Dimmer et al., 2002; Westermann, 2010). Also, nematodes have
highly differentiated tissues and a transparent cuticle that make them amenable to live
imaging studies. Caenorhabditis briggsae in particular offers many advantages for
mitochondrial biology research including its substantial mitochondrial genetic (Howe &
Denver, 2008) and phenotypic (Clark et al., 2012; Cutter et al., 2010; Estes et al., 2011;
Hicks et al., 2012; Raboin et al., 2010; Ross et al., 2011) diversity. C. briggsae exhibit a
cosmopolitan distribution and mitochondrial genetic analyses group its known natural
isolates into three major phylogeographic clades corresponding to latitude of origin (Figure
1 in Howe & Denver, 2008) (Fig. 1). Recent work indicates that isolates within these clades
are likely adapted to local thermal regimes (Jovelin & Cutter, 2011; Prasad et al., 2011). We
found that phylogenetic membership also accounts for among-isolate variation in several
mitochondrial form and function traits; this was particularly true for ΔΨM, which was an
extremely reliable predictor of clade membership (Hicks et al., 2012). Further, C. briggsae
appear especially prone to acquiring mitochondrial deletion mutations (Howe et al., 2010), a
process that has likely contributed to its high levels of standing mitochondrial genetic
diversity. Indeed, many natural populations of C. briggsae harbor a large deletion (nad5Δ)
within their mitochondrial genomes that removes half of the NADH-dehydrogenase 5 (nad5)
gene (Figure 1 in Howe & Denver, 2008), which encodes an integral subunit of ETC
complex I. nad5Δ-bearing genomes were recently shown to behave as selfish genetic
elements (Clark et al., 2012) and levels of nad5Δ heteroplasmy (the average number of
deletion-bearing genomes per individual) are known to vary from zero to over 50% among
geographically-segregated isolates of C. briggsae (Estes et al., 2011; Howe & Denver,
2008). Recent work showed that nad5Δ level was unrelated to isolate-specific variation in
ΔΨM, ROS, and aspects of mitochondrial morphology (Hicks et al., 2012), but that it is
likely to be detrimental to nematode health and fitness at high (< ~40%) heteroplasmy levels
(Estes et al., 2011; Howe & Denver, 2008). In summary, its extensive genetic and
subcellular phenotypic variation makes C. briggsae a promising natural system in which to
investigate individual- and population-level mitochondrial dynamics.

We present a reanalysis of data from our recent study of variation in C. briggsae
mitochondrial form and function (Hicks et al., 2012), which quantified 24 mitochondrial
phenotypes including ROS level, ΔΨM and aspects of organelle morphology on replicate
live worms from 10 natural isolates of C. briggsae (Fig. 1). This work reported univariate
analyses of these traits to describe standing levels of phenotypic variation among clades and
isolates and focused its interpretation on phylogeographic patterns of phenotypic variation.
By contrast, the current study reports a systematic evaluation of the bivariate relationships
between all mitochondrial phenotypes from the combined dataset. Our aim was to examine
the connections between mitochondrial physiology and dynamics within a natural system..
Our findings support a major role for ΔΨM in shaping mitochondrial dynamics. Based on
previous studies and current models of mitochondrial dynamics, we expected to observe
more punctate morphologies among low-ΔΨM mitochondria due to their reduced rates of
fusion. Conversely, we expected that mitochondria with high ΔΨM would maintain the
canonical elongated shape. Our findings were in agreement with both of these expectations
and provide general support for Twig’s model (Twig, Hyde, et al., 2008) of mitochondrial
dynamics. Furthermore, our results suggest an addition to this model in which individual

Hicks et al. Page 3

Mitochondrion. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



organelles respond to their functional environment; i.e., the average ΔΨM of the
surrounding mitochondrial population.

2. Materials and Methods
2.1. Nematode strains

We use data from our recent study (Hicks et al., 2012) in which an array of mitochondrial
phenotypes were measured for ten natural isolates of Caenorhabditis briggsae nematodes
(Fig. 1). Nuclear (Cutter et al., 2006; Jovelin & Cutter, 2011) and mitochondrial (Raboin et
al., 2010) phylogenetic analyses place most C. briggsae natural isolates into three major
phylogeographic clades that are latitudinally distinct, referred to as the Kenyan, Temperate,
and Tropical clades (Fig. 1). Tropical clade isolates are found in tropical latitudes and
contain substantial genetic diversity (Cutter et al., 2006), while temperate clade isolates
inhabit northern latitudes and exhibit little genetic diversity (Cutter et al., 2006). Several
nuclear polymorphisms distinguish Kenyan clade isolates from both temperate and tropical
clade strains (Dolgin et al., 2008).The isolates used in this study were chosen to represent
these three major phylogeographic clades, and to encompass the full range of known nad5Δ
heteroplasmy level – from zero to ~50% deletion-bearing genomes. Briefly, the appearance
of nad5Δ depends upon the presence of a mitochondrial pseudogene - Ψnad5-2 (see Figure
1 in Howe & Denver, 2008). The two Temperate clade isolates (PB800 and EG4181) harbor
a compensatory Ψnad5-2 allele that limits the recurrent formation of nad5Δ; the two
Kenyan clade isolates (ED3101 and ED3092) completely lack Ψnad5-2, which precludes
formation of nad5Δ (Howe & Denver, 2008). C. briggsae strains and the evolutionary
genetics of nad5Δ have been described in further detail elsewhere (Estes et al., 2011; Hicks
et al., 2012; Howe & Denver, 2008).

2.2. Sample preparation and image analysis
For detailed methods regarding nematode sample preparation, image acquisition and
analysis, please refer to (Dingley et al., 2009; Estes et al., 2011; Hicks et al., 2012). Briefly,
data for all mitochondrial traits were obtained by analyzing confocal images of the
pharyngeal bulb region of young adult nematodes. Worms were incubated with 10 μm
concentrations of the mitochondria-targeted fluorescent dye(s) appropriate for each
experiment (below). After 24 hours, worms were washed free of dye, paralyzed using
levamisole, and imaged using a high-resolution wide-field confocal microscope (Advanced
Light Microscopy Core, Oregon Health and Science University). All images were
deconvolved prior to analysis and all image analysis was performed using ImageJ software
(NIH).

The relative intensity of MitoSox Red (Molecular Probes, Eugene, OR) fluorescence from
the terminal pharyngeal bulb of each worm was used to quantify relative ROS levels.
Zielonka and Kalyanaraman (2010) determined that MitoSOX Red quantifies total levels of
mitochondrial oxidants when used in conjunction with microscopic analysis (Zielonka &
Kalyanaraman, 2010). Final ROS levels for each isolate were calculated as the difference
between pharyngeal bulb intensity in labeled and unlabeled control worms from each isolate.
Dye-based ROS measurements reflect both the rates of ROS generation and ROS
scavenging by antioxidant enzymes or small molecules, and thus give a comprehensive view
of the level of oxidative stress experienced by an organism. Supporting this claim, a
comparison of our ROS measurements with a survey of oxidative DNA damage (frequency
of 8-oxo-dG lesions) conducted on a set of C. elegans mutation-accumulation lines (Denver
et al., 2009; Denver et al., 2012) was highly positively correlated (Spearman’s ρ1,6=0.943,
P<=0.05) (J. Joyner Matos, K. Hicks, D. Denver, S. Estes, C. Baer, unpubl.). Finally, we
find no relationship between pharyngeal pumping rates and ROS or ΔΨM (Estes et al.,
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2011; Hicks et al., 2012) indicating that our measures are not biased by variation in the rates
of dye uptake by feeding.

Relative ΔΨM levels were quantified using MitoTracker Red CMXRos (Molecular Probes),
a dye that localizes exclusively to polarized organelles (Pendergrass et al., 2004). The ΔΨM
assays were performed concurrently with those of mitochondrial morphology by co-labeling
worms with the ΔΨM-dependent probe MitoTracker Red CMXRos, and with MitoTracker
Green FM (Molecular Probes), which accumulates within all mitochondria regardless of
their respiration state (Pendergrass et al., 2004). This experimental setup allowed us to
detect state-specific mitochondrial traits, such as shape changes occurring only in
depolarized mitochondria, and to directly correlate mitochondrial ΔΨM and morphology
traits. Unfortunately, the spectral similarities between the ROS and ΔΨM probes make it
necessary to use separate images for ROS analysis. Thus, associations between ROS and all
other mitochondrial traits should be interpreted with caution.

Finally, as previously discussed (Hicks et al., 2012), we failed to co-label nematodes treated
as above with either DAPI or Hoechst 33342 (Sigma), which would have allowed us to
visualize cell nuclei and thereby assess the intracellular distributions of mitochondria.
(Appropriate GFP fusions are not yet available for C. briggsae.) Both dyes noticeably
interfered with the fluorescence of the above MitoTracker dyes in C. briggsae (Hicks, pers.
obs.). Our study therefore focuses on properties of individual mitochondria and
mitochondrial populations within the pharyngeal bulb organ.

2.3. Trait descriptions and statistical analysis
A total of 24 mitochondrial form and function traits were analyzed (Table S1). Briefly,
relative mitochondrial membrane potential (ΔΨM max) served as an indicator of
mitochondrial functionality. Functional mitochondria were distinguished by their
quantifiable uptake of MitoTracker Red CMXRos, while nonfunctional mitochondria took
up untraceable amounts of MitoTracker Red CMXRos. Relative reactive oxygen species
level (ROS max) further characterized mitochondrial activity. Maximum rather than mean
ΔΨM and ROS levels were used because we previously found a significant effect of
levamisole (the cholinergic agonist used to paralyze nematodes for image acquisition) on
mean but not maximum ROS levels (Hicks et al., 2012). Additionally, we scored ten traits
that describe aspects of either the functional (subscript F), nonfunctional (subscript N), or
the total (subscript T) pharyngeal mitochondrial population: the combined area of the
mitochondrial population (AFP, ANP, ATP), the ratio of the area of functional to
nonfunctional mitochondria (AFP/NP), and the percentage of the total mitochondrial area that
is functional (AFP/TP), the number of organelles (NF, NN, NT), the ratio of functional to
nonfunctional organelles (NF/N), and the percentage of functional mitochondria (NF/T).
Differences in mitochondrial morphology were measured using the area (AF, AN), aspect
ratio (ARF, ARN), and circularity (CF, CN) of individual mitochondria. Aspect ratio
quantifies elongation and has a minimal value of 1, which corresponds to a perfect circle
(Russ, 2002). Circularity will also equal 1 when the measured object is a perfect circle, but
decreases to 0 as the object becomes more branched (Russ, 2002). Because circularity
cannot accurately be measured for extremely small objects (ImageJ website), we omitted
from all analyses mitochondria smaller than 2 pixels. Finally, the variance (subscript V) in
circularity (CFV, CNV) and aspect ratio (ARFV, ARNV) measured the degree of heterogeneity
within the mitochondrial population of each nematode. See Hicks, et al. (2012) for further
description of image processing.

Because our data often violated assumptions of the Pearson product-moment correlation
(e.g., normally distributed data, monotonic bivariate relationships), we characterized
correlations among mitochondrial form and function characters by calculating Spearman
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rank-order correlation coefficients between each pair of traits as in Huang et al. (2004).
Because ROS levels were measured on different sets of nematodes than all other traits, we
measured isolate-mean correlations for these pairs of traits. All statistical analysis was
performed in JMP 9 (SAS Institute, Cary, NC).

3. Results
3.1. Mitochondrial trait associations

We analyzed the relationships between pairs of mitochondrial traits (Table S2), individual
measurements of which were originally obtained by Hicks et al. (2012), for all natural
isolates following (Estes et al., 2011). First, no significant correlations between ROS and
any other mitochondrial trait were revealed (data not shown). Maximum ΔΨM was,
however, statistically related to a number of other characters. ΔΨM was positively related to
aspect ratio of functional mitochondria (ARF) (ρ = 0.208, P<=0.01), meaning that isolates
with higher maximum ΔΨM tended to have more elongated mitochondria. Similarly,
maximum ΔΨM was also weakly negatively correlated to the circularity of functional
mitochondria (CF) (ρ = −0.248, P<=0.01), suggesting that worms with higher maximum
ΔΨM fluorescence also tended to have less circular – or more branched – organelles. It is
important to note that maximum ΔΨM was necessarily positively correlated to traits related
to functional mitochondrial area (AF, AFP, and ATP) since individuals with higher scores for
these traits had necessarily taken up more membrane-potential dependent dye and thus had
higher values for ΔΨM.

A number of the other correlations were expected due to the nature of the measurements
(e.g., between traits describing the number of mitochondria and those describing the
combined area of mitochondria populations); however, a systematic survey of the remaining
(statistically significant) correlations revealed consistent patterns of relationship between the
major classes of mitochondrial traits (shape, area, and number), which can be summarized as
follows:

(1) As expected, circularity (CN and CF) demonstrated a strong negative correlation with
aspect ratio (ARN and ARF) for both nonfunctional and functional mitochondria (ρ =
−0.811, P<=0.001 and ρ = −0.801, P<=0.001, respectively). Figure 2A shows the
relationship between these two traits for functional mitochondria. Circularity responds to
changes in surface irregularities (or the amount of branching) of each mitochondrion
whereas aspect ratio responds to the elongation of organelles (Koopman et al., 2005; Russ,
2002). This negative relationship must certainly owe itself largely to the fact that more
circular mitochondria are less elongate; however, it also implies that mitochondrial
branching was rare and that deviations from perfect circularity were most often achieved by
elongation rather than by branching for all organelles regardless of their functional status.

(2) In isolates containing a higher ratio of polarized mitochondria (higher scores for NF/N or
NF/T), all mitochondria were larger (NF/N and AF: ρ = 0.317, P<=0.001; NF/N and AN: ρ =
0.168, P<=0.05), less circular (NF/N and CF: ρ = −0.276, P<=0.001; NF/N and CN: ρ =
−0.196, P<=0.05) (e.g., Fig. 2B shows this pattern for functional mitochondria), and more
elongate (NF/N and ARF: ρ = 0.183, P<=0.05; NF/N and ARN: ρ = 0.188, P<=0.05)
regardless of their functional state. (Correlations between NF/T and other listed traits follow
similar trends; Table S2.) However, only the depolarized mitochondria in these isolates were
significantly more variable with regard to circularity (NF/N and CNV: ρ = 0.190, P<=0.05).
Similarly, as the area of individual functional mitochondria (AF) or the combined area of the
functional mitochondrial population (AFP) increased, all mitochondria became less circular
(AFP and CF: ρ = −0.509, P<=0.001; AFP and CN: ρ = −0.216, P<=0.001) and more elongate
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(AFP and ARF: ρ = 0.256, P<=0.001; AFP and CN: ρ = 0.160, P<=0.05. (Correlations
between AF and other listed traits follow similar trends; Table S2).

(3) In isolates with more nonfunctional/depolarized mitochondria (higher scores for NN), the
nonfunctional mitochondria in these isolates become less elongate and more uniform with
respect to this trait (NN and ARN: ρ = −0.200, P<=0.01; NN and ARNV: ρ = −0.241,
P<=0.01). Conversely, the polarized mitochondria in these isolates were more variable with
regard to elongation (NN and ARFV: ρ = 0.154, P<=0.05). As the area of individual
nonfunctional mitochondria (AN) or the area of the nonfunctional mitochondrial population
(ANP) increased, nonfunctional mitochondria responded by deviating from circularity, (ANP
and CN: ρ= −0.316, P<=0.001, AN and CN: ρ = −0.698, P<=0.001; Fig. 2C) in ways
indicative of elongation or branching (c.f., Koopman et al., 2005), and by becoming more
variable with respect to circularity (AN and CNV: ρ= 0.409, P<=0.001, Fig. 2D). Because we
omitted mitochondria smaller than 2 pixels from all analyses (Hicks et al., 2012 and
Materials and Methods), the strength of these correlations and the fact that they apply only
to depolarized mitochondria suggest that they should not be influenced by any size-related
bias.

Finally, we note that regressions of average mitochondrial trait correlations for each isolate
on isolate-specific nad5Δ heteroplasmy revealed no evidence that any of the mitochondrial
phenotypic associations were related to nad5Δ level; however, because our estimates of
average nad5Δ for each C. briggsae isolate were obtained from a different set of worms than
those phenotyped (Hicks et al., 2012), the biological meaning of these tests is questionable.

4. Discussion
4.1. Implications for mitochondrial dynamics

We performed a systematic evaluation of phenotypic correlations among mitochondrial
traits originally reported in (Hicks et al., 2012) with the aim of uncovering patterns that
describe the relationships between mitochondrial physiology and morphology. While some
studies have indicated that ROS production can be associated with dramatic ultra-structural
transformations in mitochondria (Koopman et al., 2005; Liot et al., 2009; Wang et al., 2008),
our analyses failed to clearly relate net ROS levels with any alterations in mitochondrial
shape or population structure. Again, a caveat prohibiting further interpretation of this result
is that ROS was necessarily measured on different individual nematodes than all other
mitochondrial traits (see section 2.2). Thus, estimates of ROS were obtained from different
sets of mitochondria than those describing ΔΨM and morphology traits.

In agreement with previous studies (Ishihara et al., 2003; Mattenberger et al., 2003; Twig,
Elorza, et al., 2008), our findings suggest a central role for ΔΨM in shaping mitochondrial
morphology, manifested in its relationship with several aspects of mitochondrial shape and
population structure (Table S2). Further, our analysis of mitochondrial trait associations
revealed that, regardless of their functional state, mitochondria appear to respond differently
depending on their functional neighborhood; i.e., whether they co-occur with other
organelles within the nematode pharynx that are mainly polarized or depolarized. The
morphology and physiological state of individual mitochondria is dependent on ΔΨM
(Ishihara et al., 2003; Miceli et al., 2011; Twig & Shirihai, 2011). This makes sense as
several critical organellar functions are contingent upon ΔΨM, including mitochondrial
fusion and ATP and ROS production rates (Gaskova et al., 2007; Ishihara et al., 2003;
Murphy, 2009). Recent work has shown that mitochondrial fusion is brief and accompanied
by fission (Twig, Elorza, et al., 2008; Wikstrom et al., 2009) and that normal cycles of
fusion and fission are necessary to maintain the canonical ovoid mitochondrial shape (Chen
& Chan, 2005; Kageyama et al., 2011). The model of mitochondrial life cycles proposed by
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Twig, et al. (2008) connects mitochondrial morphology and function by suggesting that,
following a fusion-fission cycle, one daughter mitochondrion remains polarized while the
other is transiently depolarized. The transiently depolarized daughter will either regain
ΔΨM (if it contains a sufficient number of functional ETC components) and resume its
participation in the fusion-fission cycle, or it will remain depolarized and undergo fission
and eventual mitophagic degradation (Fig. 1 in Twig et al., 2008). Our data suggest that such
fusion-cycling occurs within the context of a larger mitochondrial population that is itself
either more or less polarized (Fig. 3). Specifically, we find that both polarized and
depolarized mitochondria are more elongate (less fragmented) in C. briggsae isolates
containing more mitochondria with high ΔΨM (higher values for NF/N and AFP), although
depolarized organelles are slightly more variable in shape than polarized organelles.
Conversely, when they inhabit less functional isolates (those with more mitochondria with
low ΔΨM), both polarized and depolarized mitochondria become increasingly
heterogeneous in shape, but depolarized mitochondria become overall more fragmented
(Table S2). Placing these data within the context of Twig et al.’s (2008) model, we propose
that a majority of the mitochondria in isolates with higher average ΔΨM will exhibit the
“typical” ovoid shape by maintaining normal rates of fusion-fission cycles. Transiently
depolarized mitochondria in this environment will be more likely to recover membrane
polarization after fission, helping to maintain a large polarized mitochondrial population.
Conversely, isolates with lower ΔΨM will suffer a reduced frequency of fusion-fission
cycling and display increased shape heterogeneity in the entire mitochondrial population.
Transiently depolarized mitochondria in this environment will be less likely to harbor
functional ETC products and will more often join the persistently depolarized population,
which is unable to undergo fusion. Polarized mitochondria in these isolates will then
experience reduced numbers of fusion “mates” – in essence, an intracellular Allee effect
(Allee, 1931), which will contribute to further reduced rates of fusion-fission cycling and
lead to increased shape heterogeneity of all mitochondrial morphs (Fig. 3).

4.2. Implications for mitochondrial genome integrity and evolution
It has been suggested that damaged mitochondrial genomes may be preferentially shunted to
the depolarized daughter organelle – the one more often destined for degradation (Kowald &
Kirkwood, 2011; Twig, Hyde, et al., 2008). If this is the case, mitochondrial fusion-fission
cycling may have a critical role to play in maintaining mtDNA genome stability and could
conceivably contribute to intra- and interspecific differences in mtDNA mutation rates and
heteroplasmy levels. Recent work shows that the removal of damaged mtDNA in C. elegans
requires mitochondrial fusion (Bess et al., 2012; Meyer & Bess, 2012). Because the fusion-
fission cycle relies on ΔΨM, alterations to ΔΨM that are unrelated to mtDNA quality (i.e.,
that weaken the link between mitochondrial genotype and phenotype) could reduce the
efficacy of the selective process (Twig, Hyde, et al., 2008). Hicks, et al. (2012) determined
that much of the measured variation in mitochondrial phenotypes – and especially that of
ΔΨM - related to the phylogeographic clade membership of particular C. briggsae isolates,
rather than to nad5Δ level (Tables S1 and S2 in Hicks et al., 2012). Specifically, Tropical
isolates tended to have the lowest values for ΔΨM followed by Kenyan isolates, and
Temperate isolates exhibited the highest ΔΨM (Figure 3G in Hicks et al., 2012). This led to
the hypothesis that Tropical C. briggsae isolates may have adaptively reduced their ΔΨM in
order to counter increased ROS levels brought on by high temperatures (Brand, 2000; Hicks
et al., 2012). Because C. briggsae are ectotherms, the external temperature can directly
influence their physiology; higher temperatures can increase nematode metabolism and ROS
generation. Additionally, Tropical clade worms contain fewer total mitochondria (NT and
NF) within the focal area (pharyngeal bulb) compared to both the Temperate and Kenyan
clades (Tukey HSD, α = 0.05; (Figure 3H in Hicks et al., 2012)). Since cold-adapted
ectotherms often exhibit increased mitochondrial density (Morley et al., 2009), the reduction
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in mitochondrial number within Tropical clade isolates is also consistent with an adaptive
response to heat. If it is indeed the case that Tropical C. briggsae isolates have adaptively
reduced their ΔΨM, they may experience a reduced efficiency of selection allowing the
amplification of damaged mtDNA molecules – such as those bearing nad5Δ. Such a
dynamic could help to explain the counter-intuitive finding that Tropical C. briggsae isolates
display higher average nad5Δ heteroplasmy levels despite having larger effective population
sizes (and presumably more efficient natural selection) than Temperate clade isolates that
have fixed compensatory mutations preventing nad5Δ accumulation (Howe & Denver,
2008). In other words, the Tropical isolate’s adaptive reduction of ΔΨM in response to high
temperature may interfere with the selective removal of nad5Δ by the mitochondrial fusion-
fission cycle. Alternatively, because nad5Δ affects a component of mitochondrial ETC
complex I that is putatively involved in H+ pumping (Janssen et al., 2006; Lenaz et al.,
2006), the deletion may itself reduce ΔΨM and provide a ROS avoidance mechanism that
does not directly produce heat (unlike mitochondrial uncoupling) - thus conferring a direct
benefit to Tropical C. briggsae isolates (Brand, 2000; Iser et al., 2005). Either scenario
implies that different evolutionary pressures may be shaping the subcellular phenotypes of
different C. briggsae populations and suggests fruitful avenues for experimental work.

4.3. Conclusions
Our analysis suggests that ΔΨM, but not mitochondrial ROS level, has a major role in
shaping mitochondrial dynamics within natural populations of C. briggsae nematodes. We
also identified a set of correlations that may describe a global control mechanism for
mitochondrial dynamics. In particular, our findings suggest a model of mitochondrial
population dynamics in which cellular environmental context dependency – and in
particular, whether the mitochondrial population is mainly polarized or depolarized – is a
key feature. To our knowledge, ours is the first study to connect natural variation in
subcellular phenotypes to a model of mitochondrial dynamics. The model is also congruent
with recent work highlighting the importance of both organellar and cellular influence on
mitochondrial fusion-fission processes (Hyde et al., 2010; Kowald & Kirkwood, 2011), but
robust tests will require experimental confirmation of several assumptions, including
whether ΔΨM correlates linearly to fission-fusion ability. The natural phenotypic and
genetic variation within the C. briggsae system will be advantageous for further study in this
area (e.g., partitioning of the genetic and cellular environmental components of observed
mitochondrial phenotypic variation). With particular regard to C. briggsae evolution, our
findings highlight the need for future work to understand what if any role mitochondrial
fission-fusion dynamics play in mediating transmission of nad5Δ-bearing genomes and
adaptation to local thermal and other conditions.
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Highlights

• Mitochondrial morphology depends on ΔψM but not on reactive oxygen
species level

• Individual mitochondria are larger and more elongated when surrounded by
high-ΔψM mitochondrial populations

• Mitochondrial populations with low ΔψM exhibit greater morphological
heterogeneity than those with high ΔψM

• Individual organelle morphology depends upon the functional state of the larger
mitochondrial population
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Figure 1. C. briggsae natural isolates
Phylogenetic relationship, geographic origin and average nad5Δ heteroplasmy level
(numbers above branches) of C. briggsae isolates included in this study (modified from
Howe & Denver, 2008). nad5Δ heteroplasmy levels were determined using qPCR and
describe the average percentage of nad5Δ-deletion bearing genomes within individual
worms from each isolate (Howe & Denver, 2008). GL = global superclade; KE = Kenya
clade; TE and TR = temperate and tropical subclades of GL; C(+) = isolates bearing the
compensatory Ψnad5Δ-2 allele. Note that we assayed the natural HK104 isolate here rather
than the inbred line reported in Estes et al. (2011), which evolved high nad5Δ levels in the
lab (see Section 2.1).
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Figure 2. Examples of bivariate relationships of mitochondrial phenotypes
Patterns of relationship between traits describing mitochondrial size, morphology, and
within-individual variance are shown. All measurements were made on the same set of
confocal images (see Section 2.2) and each point represents the bivariate phenotype for an
individual nematode (N=167–170). A) Aspect ratio is negatively related to circularity within
the functional mitochondria of individual worms (ρ=-0.806, P<=0.0001). Removing one
outlier (black symbol) decreases the correlation slightly (ρ=-0.797, P<=0.0001). B) As the
two-dimensional area of the total functional mitochondrial population increases, functional
mitochondria become less circular (ρ=-0.509, P<=0.0001). C) As the two-dimensional area
of individual nonfunctional mitochondria increases, these mitochondria become less circular
(ρ=-0.698, P<=0.0001). D) Individual nonfunctional mitochondria become more variable
with respect to circularity as their two-dimensional area increases (ρ=-0.409, P<=0.0001).
When two outliers (black symbols) are removed, the correlation remains unchanged.
Outliers were determined by calculating Mahalanobis distances for the correlation between
traits of each sample and visually identifying extreme outliers.
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Figure 3. A context-dependent model of mitochondrial dynamics in which mitochondria respond
to the functional state of their intracellular environment
We propose that an organism has three types of mitochondrial populations, polarized,
transiently depolarized, and persistently depolarized. The polarized population is capable of
undergoing fusion (white arrows) while the persistently depolarized population is not (white
blunted arrow). The transiently depolarized mitochondria are produced after a fusion-fission
cycle and will either regain sufficient ΔψM and join the polarized/fusing population (gray
arrow) or, if they are unable to regain ΔψM, join the persistently depolarized population
(black arrow) (Twig et al., 2008). We propose that mitochondria in a more functional
environment (higher ΔψM, at left) are more likely to regain ΔψM and join the polarized/
fusing population. Normal fusion-fission cycles will maintain a majority of mitochondria in
the canonical ovoid morph. Here, many depolarized mitochondria are destined to recover
ΔψM and rejoin the fusing population. Conversely, mitochondria in a less functional
environment (lower ΔψM, at right) are less likely to regain ΔψM and will therefore join the
persistently depolarized/non-fusing population resulting in fewer polarized mitochondria.
Here, lower than normal rates of fusion and fission will increase the shape heterogeneity of
all mitochondria.
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