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Label Trait Description Grand
mean df
Measures of Organismal Physiology
. ; 25.09%**
ATP Total ATP content Steady state ATP levels normal‘|zed by 4.499
protein content (nM/mg protein) 84,8
PR Paraquat Total time alive in minutes in 300mM 61.03 7.139%**
Resistance paraquat ' 126, 8
Measures of Mitochondrial Physiology
. , 90.99***
AWM Average of mean relative MitoTracker
836.8
Mean Red CMXRos fluorescence
182,9
Membrane
potential 75.20%%*
AWM Average of max relative MitoTracker ’
M Red CMXRos fl 2331
ax e os fluorescence 182, 9
ROS Average of mean relative MitoSOX 508 9.269***
Mean  Reactive Oxygen Red fluorescence 201,9
ROS Species Average of max relative MitoSOX Red 1643 12.18%**
Max fluorescence 201, 9
Measures of the Mitochondrial Population
4,923%**
Agp 2870 ——
169, 9
Area of Area of functional, non-functional or 2.012*
Anp mitochondrial total (both functional and non- 3152
population functional) mitochondrial populations 169,9
3.349%**
A 6022 ——8 —
169, 9
Ratio of functional  Area of the functional mitochondrial 3.703**x*
Acp/np to non-functional population/area of the non-functional 1.151
mitochondrial area  population 169, 9
Area of the functional mitochondrial 3.434%%*
Arp/rp % functional area population/area of the total 0.443
population 169,9
6.247***
N 6791 ——
Number of Number of functional, non-functional, 169, 9
mitochondria or total individual mitochondria 2.143%*
Ny 58.85
169, 9
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3.977***

Ny 124.7
169, 9
Ratio of functional Number of functional 3.451***
Ne/n to non-functional mitochondria/number of non- 1.331
mitochondria functional mitochondria 169,9
% functional Number of functional 3.983***
Ne/r n(:itochondria mitochondria/number of total 0.505
mitochondria 169, 9
Measures of Individual Mitochondrial Shape
1.504
As 40.74
Area of individual Average area of individual functional 169, 9
mitochondria or non-functional mitochondria 2.284%
An 55.7
169,9
AR; Average of the ratio between the 1.669 1.499
. major and minor axis of the ellipse 169, 9
Aspect ratio . .
equivalent to each functional or non- 5.232%*%
AR i i i 1.865 ————
N functional mitochondrion 169, 9
AR 0.655 —0>
iy e . . )
Aspect ratio Average V\{|th|n |nd|v.|dual variance in 163,9
variance aspect ratio of functional or non-
ARyy functional mitochondria 1.271 1348
166, 9
1.771
Ce 0.8619
. . 4 (area/perimeter?) for functional or 169, 9
Circularity . . .
non-functional mitochondria 3.494***
Cu 0.825 ———
169,9
1.891
Crv Within-individual variance in 0.037 163.9
Circularity variance circularity of functional or non- :
functional mitochondri 2.049
Cav unctional mitochondria 0.052
166, 9

Table 2.1 Assigned labels and descriptions of all mitochondrial traits measured for C. briggsae
natural isolates. The grand mean, F-ratio and degrees of freedom for one-way ANOVA testing for
phenotypic differences among C. briggsae isolates. Bold font identifies the nine traits retained in the
classification tree analysis when using categories based on isolate-specific nad54 % (see Table 2.3). *,
** and *** denote p < 0.05, 0.01, 0.001, respectively. Subscripts N, F, and T indicate whether the
measure refers to Non-functional, Functional, or Total mitochondria. Subscript P and V denote that
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the measure refers to the entire mitochondrial population (not individual mitochondria), or the
average individual variance in that trait, respectively.

five age synchronous individuals from isolates PB800 and HK105 (Fig. 2.1A). There was
no significant effect of levamisole on the mean or maximum fluorescence values of
MitoTracker Red CMXRos or MitoTracker Green FM, nor was there a levamisole-by-
isolate interaction. Similarly, levamisole had no effect on the maximum values of
MitoSOX fluorescence (t-tests, p > 0.291); however, there were significant effects of
levamisole (t =-2.29, p = 0.038) and the interaction of levamisole and isolate (t =-2.13, p
= 0.051) on mean MitoSOX fluorescence. Maximum fluorescence values were therefore
used for all statistical analyses so that any isolate-by-probe interactions generated by
levamisole were unlikely to influence our among-isolate comparisons. Furthermore,
maximum measures are more consistent in fluorescence image analysis because they
are unaffected by variation in pixel size and mitochondrial number or area between
images.

We also attempted to co-label nematodes treated as above with either DAPI or
Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) in order to visualize cell nuclei, which
would have allowed us to assess the intracellular distribution of mitochondria.
(Appropriate GFP fusions are not yet available for C. briggsae.) Unfortunately, both DAPI
and Hoechst 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 tissue.

Image analysis
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All image analyses were performed in ImageJ (NIH, ver. 1.43u). Quantification of
relative ROS and AWM levels was achieved by manually enclosing the terminal
pharyngeal bulb of each image to find the average intensity of the area as described in
(Dingley et al. 2009). Mitochondrial morphology traits were quantified by processing
images following (Koopman et al. 2006). Briefly, visibility of MitoTracker stained
structures was improved by applying a linear stretch of the pixel intensity histogram
corresponding to each slice in the z stack. This process enhances the contrast of an
image by adjusting the number of low and high intensity pixels in the image based on
the lowest and highest pixel values in the current image (Russ 2002). The image was
then converted into a z-projection, a process that effectively removes the spaces
between each slice of the z-stack creating a composite image from all slices. A 7x7 top-
hat filter was then applied, followed by a median filter and a thresholding step
(Koopman et al. 2006). The thresholded image was then converted to a binary image,
which results in white mitochondria on a black background that can be analyzed in
Imagel.

To quantify among-isolate differences in mitochondrial form and function, we
defined and measured 24 traits (Table 2.1). We evaluated functionality of mitochondria
based on relative membrane potential (AWM mean, AWM max) and reactive oxygen
species (ROS mean, ROS max). We also quantified various features of the mitochondrial
population: the combined area of the mitochondrial population (Arp, Anp, Atp), the ratio

of the area of functional to non-functional mitochondria (Agp/ne), and the percentage of
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the total mitochondrial area that is functional (Aep/7p), the number of organelles (Ng, Ny,
N1), the ratio of functional to non-functional organelles (Ng), and the percentage of
functional mitochondria (N¢/7), as defined by uptake of MitoTracker Red CMXRos. To
describe organellar shape differences we quantified the area (Af, An), aspect ratio (ARg,
ARy), and circularity (Cf, Cy) of individual mitochondria. Aspect ratio measures the ratio
between the long and short axes of an ellipse fit to the object in question (Russ 2002). It
has a minimal value of 1, which corresponds to a perfect circle. Circularity (sometimes
referred to as formfactor in the literature) is calculated as 4M(area/perimeter?), and will
also equal 1 when the measured object is a perfect circle. As the object becomes more
elongated and/or branched, circularity approaches 0 (Russ 2002). Because circularity
cannot accurately be measured for extremely small objects (Imagel website), we
omitted from all analyses mitochondria smaller than 2 pixels (or 0.129 microns). The
number of such objects removed from analyses was small (ranging from 0-20 with most
<10) and did not differ among isolates (F < 1.618, p > 0.094); this procedure likely had no
impact on our phenotypic comparisons among isolates. Finally, to examine
heterogeneity in mitochondrial form we estimated within-individual variance in aspect
ratio (ARry, ARyy) and circularity (Cry, Cny) of mitochondria for all strains.

Statistical analysis

Classification trees were used to determine which mitochondrial characteristics
most accurately grouped C. briggsae isolates into categories corresponding to nad5A

heteroplasmy level or to phylogeographic clades. A classification or decision tree is a
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data reduction technique that predicts the membership of data points within classes of
a categorical “dependent” variable (Gotelli and Ellison 2004). We chose the classification
tree method over PCA or discriminant analysis because the latter techniques assume
linearity and equal variance among groups, which our data violated. We first performed
one-way analyses of variance (ANOVA) for each of the 24 mitochondrial traits to
determine which of them varied significantly among the natural isolates. (Non-
parametric analyses gave the same results and are not presented.) Eighteen of 24 traits
exhibited significant among-isolate variation (Table 2.1) and were retained as descriptor
variables in the classification tree analyses. For the first analysis, the ten natural isolates
were grouped into four categories corresponding to their relative levels of nad5A
frequency as before (Estes et al. 2011). Classification trees were run five times for both
analyses. For each run, traits that were retained in the tree were recorded along with
the misclassification rate and R® value. We considered any trait retained in 4 of 5 runs to
be important under that scheme.

Analysis of among-isolate or hybrid strain variation was performed using
separate one-way analyses of variance (ANOVA) for each phenotype measured (above).
Least-squares contrasts (Tukey’s HSD for all pairwise comparisons) were used to test for
differences between pairs of isolates. Additionally, we tested the effect of phylogenetic
clade and assessed within-clade variation using nested ANOVA for each trait. To test for

associations between traits and nad5A levels in C. briggsae, each trait was regressed
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onto isolate-specific nad5A percentages. All analyses were performed in JMP 9 (SAS

Institute, Cary, NC).

Results

Natural variation in mitochondrial phenotypes

We quantified natural variation in 24 phenotypes that describe mitochondrial
function and shape (Table 2.1) among ten distinct C. briggsae isolates (Fig. 2.1A). A
majority (18 of 24) of the measured traits exhibited significant among-isolate variation.
Mitochondrial AWM showed the greatest among-isolate diversity, followed by
mitochondrial ROS levels (Table 2.1; Fig. 2.3). Notably, mitochondria that we considered
to be functional (i.e., polarized) by virtue of their having sufficient AWM to permit
uptake of MitoTracker Red CMXRos (Fig. 2.2; Materials and Methods) did not vary
significantly among isolates in shape or heterogeneity in shape (Table 2.1). In contrast,
characteristics of shape and heterogeneity in non-functional (depolarized) mitochondria
often differed significantly among isolates. Traits that describe features of mitochondrial
populations (i.e., all ten traits that describe the combined area or number of
mitochondria), however, differed among isolates for both functional and non-functional
mitochondria (Table 2.1).

Striking variation was found among phylogeographic clades of C. briggsae (Fig.

2.3; Table 2.2). Of the nine traits that best distinguished isolates with different nad5A
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Figure 2.3. Associations between mitochondrial function and morphology traits and isolate-
specific nad5A level. Natural variation among C. briggsae isolates in (A) the total area of
functional mitochondria, (B) the average area of individual non-functional mitochondria, (C) the
total area of non-functional mitochondria, the (D) aspect ratio, (E) circularity, (F) circularity
variance of non-functional mitochondria, in (G) relative AWM, (l) the ratio of functional to non-
functional organelles, and (H) relative ROS levels. Column colors corresponding to phylogenetic
clade (orange = Kenya, white = Temperate, blue = Tropical), and isolates are ordered by deletion
frequency along the x-axis. ED3101 and ED3092 do not experience the deletion and were
assigned arbitrary x-values of -7 and -5, respectively, for this figure. Averages of maximum
pharyngeal bulb fluorescence in C. briggsae natural isolates are plotted in relative fluorescence
units (RFU). Bars represent one SEM for 15-20 independent samples.

levels (see below), all but Ng/y— the ratio of the number of functional to non-functional
organelles — varied significantly among C. briggsae clades, consistent with a
phylogenetic effect on many mitochondrial traits. In all of these cases, among-clade
variation exceeded the variation observed within clades (Table 2.2). To further explore

among-clade phenotypic differences, we used classification tree analysis to identify
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