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Abstract
Hybrid offspring dysfunction in cytoplasmic-nuclear hybrids (cybrids) implies that one parent's mitochondrial genome is
incompatible with the nuclear genome of the other parent. In Caenorhabditis briggsae, cybrids exhibit increased mitochondrial
reactive oxygen species (ROS). In this study, we measured the specific activity of markers for mitochondrial abundance
(citrate synthase) and antioxidant enzyme response (catalase) in four C. briggsae cybrid lines. An increase of catalase
expression but not in mitochondrial abundance was found in dysfunctional cybrids. This suggests that organisms might
compensate for some genetic incompatibilities by modulating gene expression of key oxidative stress enzymes such as
catalase.

 

9/23/2024 - Open Access



 

Figure 1. Comparison of cybrid and parental strain enzyme activities:

The specific activities of two enzymes (catalase, left panel; citrate synthase, right panel) were measured in biological and
technical replicates of four genotypes of strains. Horizontal lines represent nuclear (“n”) chromosomes (genotype) in this
diploid species; ovals represent mitochondrial (“mt”) genomes (mitotype). Parental strains are AF16: red n and red mt, and
HK104: blue n and blue mt cybrids are CP129 and CP130 (AF16 n and HK104 mt) and CP131 and CP133 (HK104 n and
AF16 mt). Boxplots show the mean (thick horizontal line), 25th and 75th percentile data (bottom and top of the box), 5th and
95th percentiles (whiskers) and outlier data (circles). Statistical comparisons used one-factor ANOVA: * p < 0.05, ns p >=
0.05. The thicker end of a bracket indicates the larger value in each significant comparison. A summary of statistical
comparisons of mitochondrial ROS amount and fecundity of the same strains in a prior publication is provided in the gray box
beneath the plot (Chang et al., 2016). For catalase and citrate synthase comparisons, because the biological replicate cybrid
values were not statistically significantly different from each other, they were combined for the comparison to the parental
strain. The table at the bottom shows the number of biological replicates (total number of independent total protein extracts
from each strain) and technical replicates (total number of independent enzyme activity measurements of all the biological
replicate extracts).

 

9/23/2024 - Open Access



 

Description
Speciation involves reduced gene flow between populations, which ultimately leads to reproductive isolation. Reduction in
gene flow and increase in divergence can be attributed to differences in geographic locations, climates, or behaviors, for
example (Coyne et al., 2004). Copulation between two reproductively isolated species results in hybrid dysfunction: reduced
fitness in comparison to the parental populations. Many incompatible alleles that cause hybrid inviability or sterility have been
discovered. Among these, mitochondrial-nuclear genetic incompatibility has been consistently observed across the plant,
animal, and fungal kingdoms (Burton et al., 2006; Gershoni et al., 2009). Suboptimal activity of mitochondrial oxidative
phosphorylation (OXPHOS) has been observed across several species, all of which exhibit a decrease in fecundity e.g. (Chang
et al., 2016; Edmands and Burton, 1999; Gibson et al., 2013; Meiklejohn et al., 2013). Such trends suggest that a change in
mitochondrial function is often associated with hybrid dysfunction, hybrid incompatibility and speciation (Gershoni et al.,
2009).

Like its close relative Caenorhabditis elegans, the microscopic nematode C. briggsae possesses several features making it a
suitable model system to study the phenomenon of hybrid incompatibility: small size, short generation time, and a large brood
size (Gupta et al., 2007). C. briggsae also comprises males and self-fertile hermaphrodites. Mating two genetically distinct
populations in the parental (P0) generation produces F1 hybrids. Serial backcrossing of F1 and subsequent generation hybrid
hermaphrodites to males of the paternal P0 population produces cytoplasmic-nuclear hybrids (cybrids) that have the
mitochondrial genome of the P0 maternal population and the nuclear genome of the P0 paternal population. This genetic
composition is often used to identify cytonuclear genetic incompatibilities, where cybrids are less fit than the parental
populations. Caenorhabditis nematodes are widely used for exploring such mitonuclear interactions (Estes et al., 2023). Of
relevance here, C. briggsae cybrids show a decrease in fecundity and an increase in mitochondrial reactive oxygen species
(ROS) staining, likely resulting from mitonuclear incompatibility (Chang et al., 2016).

Correlative evidence suggests that organisms might use multiple mechanisms to adapt to mitochondrial dysfunction. An
increase in mitochondrial genome copy number occurs in mutant C. elegans lines with increased ROS (Wernick et al., 2019)
and in C. elegans cybrids (Song et al., 2020). No change in mitochondrial citrate synthase specific activity, which is generally
used as a mitochondrial mass index or proxy (Dejean et al., 2002; Hutter et al., 2004), was observed in dysfunctional copepod
hybrids with mismatched mitochondrial and nuclear genomes (Ellison and Burton, 2006). In one study of human cybrid cells,
increased ROS was correlated both with an increase in mitochondrial mass and in mitochondrial genome copy number, but
catalase activity was not investigated (Wei et al., 2001). These findings further suggest the possibility that organisms might
compensate for mito-nuclear mismatch and increased ROS production through changes in antioxidant gene activity. Thus, it is
possible that gene expression regulation could compensate for increased mitochondrial ROS in cybrids.

The long-term goal of this effort is to mechanistically connect cybrid genotypes to these organismal dysfunction phenotypes.
ROS are damaging to biomolecules and are generated by mitochondria during OXPHOS. Cells manage ROS levels in several
ways, including the activity of enzymes like superoxide dismutases (SOD) and catalases, as reviewed in (Balaban et al., 2005).
ROS production varies among C. briggsae wild isolates (Estes et al., 2011), can be experimentally evolved to increase in C.
elegans (Joyner-Matos et al., 2013), and high-ROS C. elegans mutants can be experimentally evolved to reduce ROS
production (Wernick et al., 2019). Others have suggested that variation among C. briggsae wild isolate ROS levels might be
countered by evolutionary pressures to reduce ROS levels in some environments (Hicks et al., 2012). These prior findings
suggest that restoration of mitochondrial function can occur, perhaps through increased ROS scavenging by enzymes.
Mitochondrial genotype is also known to influence ROS production in hybrids, as reviewed in (Hill et al., 2019), and
hybridization in sunfish results in increased ROS generation (Du et al., 2017). Thus, it is feasible that mito-nuclear
incompatibilities increase ROS levels and that cybrids can compensate for this deleterious effect.

In the present study, we sought to further explore the biochemical effects of mitochondrial and nuclear genome
incompatibilities on the antioxidant catalase and on the mitochondrial abundance enzyme marker citrate synthase (Dejean et
al., 2002; Hutter et al., 2004) in our C. briggsae cybrids. These measurements were performed on total protein lysates from the
two parental strains (AF16 and HK104), two biological replicate cybrid strains with the AF16 genotype and the HK104
mitotype (CP129 and CP130), and two cybrid strains with the HK104 genotype and the AF16 mitotype (CP131 and CP133).
Catalase activity was measured using the protocol described in (Rafikov et al., 2014); and citrate synthase activity was
determined using the protocol described in (Moriyama and Srere, 1971). These assays were performed in the presence of a
large excess of substrates. Catalase and citrate synthase specific activities measured in parental strains and cybrids during this
study are reported in Figure 1.

To identify effects related to a change in mitotype, a parental strain is typically compared to the cybrid with the same nuclear
genotype but the mitotype of the cybrid’s other parental strain. Before comparing the two biological replicate cybrids to each
P0 parental strain, we used Student’s t-tests to determine whether the replicate cybrid phenotypes were different from each
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other. In both cases, the cybrids were not significantly different (p >= 0.05), so their data were combined for comparison with
the parental strain. CP131 and CP133 constituted our negative controls, as their fecundity and mitochondrial ROS levels were
previously shown to be similar to HK104 (Figure 1, gray box). However, CP129 and CP130 have decreased fecundity and
increased mitochondrial ROS levels compared to AF16 (Figure 1, gray box).

We observed two different trends when comparing the parental strains to their respective mitotype cybrids. Catalase specific
activity was significantly increased in cybrids with an AF16 genotype and a HK104 mitotype (CP129 and 130) vs. the AF16
parental strain (p < 0.05, One-factor ANOVA, n=40–42 technical replicates). No difference was observed in the reciprocal
cybrid strains with an HK104 nuclear genotype (CP131 and 133) vs. the HK104 parental strain (p >= 0.05, One-factor
ANOVA, n=40–42 technical replicates; Figure 1, left panel). No significant difference was observed when comparing the
citrate synthase specific activity in cybrids with an AF16 genotype (i.e. CP129 and 130) vs. the AF16 parental strain, or in
cybrids with an HK104 genotype (i.e. CP131 and 133) vs. the HK104 parental strain (p > 0.05, One-factor ANOVA, n=27–44
technical replicates; Figure 1, right panel).

In our study, we found that catalase activity is increased in C. briggsae cybrids that have higher ROS levels, and we found no
significant difference in mitochondrial abundance in the cybrids as determined by citrate synthase activity. This suggests the
possibility that one mechanism for organisms to cope with increased ROS is to compensate by increasing antioxidant gene
activity. As discussed previously (Chang et al., 2016), it is not particularly remarkable that one cybrid genotype (AF16 nuclear
genome and HK104 mitochondria) shows increased ROS and catalase activity where the reciprocal genotype does not (HK104
nuclear genome and AF16 mitochondria). This observation suggests that AF16 nuclear alleles are sensitive to mitotype, while
the HK104 alleles are not as sensitive. Such asymmetric effects are known, including in other C. briggsae hybrids (Haddad et
al., 2018).

Our data are in accord with some past findings that mitochondrial abundance does not change in hybrid lines (Ellison and
Burton, 2006), but others have shown that mitochondrial mass increases in human cybrid cell lines (Silva et al., 2013). Many
human cybrid cell lines produce increased ROS, including in models of pulmonary hypertension (Silva et al., 2013) and
neurological, metabolic and connective tissue symptoms (Schaefer et al., 2022). A correlation of increased ROS and increased
catalase expression has been demonstrated in human cybrid cell lines related to Parkinson’s disease (Cassarino et al., 1997)
and other pathological mitochondrial variants (Park et al., 2009). Importantly, studies of human mitochondrial genetic
disorders have also identified such correlations between ROS and catalase, in mitochondrial encephalomyopathy with lactic
acidosis and stroke-like episodes (Vives-Bauza et al., 2006), although a study of Leber hereditary optic neuropathy human
cybrid cell lines identified increased ROS but no change in catalase expression (Floreani et al., 2005).

Thus, a consensus interpretation of the data suggests that organisms experiencing mitochondrial dysfunction, either by de novo
mitochondrial mutation or incompatible mitochondrial and nuclear genomes, use multiple not mutually exclusive mechanisms
to compensate for increased ROS production. In the C. briggsae cybrids, we identified a correlation between increased ROS
and increased catalase activity but not a change in mitochondrial abundance. These findings motivate more work in C.
briggsae to explore the biochemical and cell biological connections between mitochondrial dysfunction and organismal
phenotypes like reduced fecundity, as well as to explore the role of mitochondria in the genetic basis of hybrid dysfunction and
potentially speciation.

Reagents

Strain Genotype Available From

AF16 C. briggsae wild isolate CGC*

HK104 C. briggsae wild isolate CGC

CP129 C. briggsae AF16 x HK104 cybrid Chang et al. (2016)

CP130 C. briggsae AF16 x HK104 cybrid Chang et al. (2016)

CP131 C. briggsae HK104 x AF16 cybrid Chang et al. (2016)

CP133 C. briggsae HK104 x AF16 cybrid Chang et al. (2016)
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