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Abstract  14 

Understanding the evolutionary and genetic underpinnings of susceptibility to pathogens is of 15 

fundamental importance across a wide swathe of biology.  Much theoretical and empirical effort 16 

has focused on genetic variants of large effect, but pathogen susceptibility often appears to be a 17 

polygenic complex trait.  Here we investigate the quantitative genetics of survival over 120 18 

hours of exposure ("susceptibility") of C. elegans to three bacterial pathogens of varying 19 

virulence, along with the non-pathogenic OP50 strain of E. coli.  We compare the genetic 20 

(co)variance input by spontaneous mutations accumulated under minimal selection to the 21 

standing genetic (co)variance in a set of ~50 wild isolates.  Three conclusions emerge.  First, 22 

with one exception, mutations increase susceptibility to pathogens, and susceptibility is 23 

uncorrelated with fitness in the absence of pathogens.  Second, the orientation in trait space of 24 

the heritable (co)variance of wild isolates is sufficiently explained by mutation.  However, 25 

pathogen susceptibility is clearly under purifying, apparently directional, selection of magnitude 26 

similar to that of competitive fitness in the MA conditions.  The results provide no evidence for 27 

fitness tradeoffs between pathogen susceptibility and fitness in the absence of pathogens, nor 28 

that balancing selection is important in maintaining genetic variation for susceptibility to these 29 

bacterial pathogens.        30 

  31 
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Introduction 32 

Infection by pathogens is historically the leading cause of human mortality, and pathogens 33 

continue to exact an enormous societal toll.  Moreover, the relationship between pathogens and 34 

their hosts holds an exalted place in evolutionary biology [1, 2].  It is well-established that 35 

susceptibility of individuals to the harmful effects of pathogens often has a genetic basis.  In 36 

some cases, the genetic basis of variation in host susceptibility to pathogens can be attributed 37 

to variants at one or two loci.  For example, variants at a few loci in the human genome (e.g., 38 

HBB, ABO, G6PD) are famously implicated in resistance to malaria [3].  The notion that 39 

particular (multilocus) host genotypes confer resistance or susceptibility to particular pathogen 40 

genotypes has had outsize influence in evolutionary biology, because "Red Queen" models of 41 

the evolution of sex and recombination are predicated on fluctuating epistasis [4], with negative 42 

frequency-dependent selection resulting from a host-pathogen arms-race providing the most 43 

obvious plausible scenario [2].     44 

Often, however, the heritable basis of susceptibility to a particular pathogen appears to 45 

be polygenic, with a substantial fraction of unexplained heritability [5-8], sometimes even in 46 

cases with segregating large-effect loci (e.g., malaria [9]).  Pathogens may thus impose 47 

significant selection even in the absence of Red Queen dynamics.  It seems reasonable, then, 48 

to consider "susceptibility to pathogen X" as a generic complex trait; in some cases, there will 49 

be loci of large effect that explain much of the variance in susceptibility, but other times there 50 

will not. 51 

Two fundamental issues in understanding the biology of complex traits, are (i) what is 52 

the rate of input of genetic variance (and covariance) by mutation? and (ii) what is the 53 

relationship of the trait(s) with fitness?  Taken together, these two considerations present a 54 

hierarchy of evolutionary hypotheses.  The simplest explanation for any pattern of (co)variation 55 

is neutral evolution sensu stricto, i.e., the pattern can be sufficiently explained by neutral 56 

mutation and random genetic drift.  If the pattern cannot be plausibly explained by neutral 57 
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evolution, the next-simplest explanation is purifying selection against unconditionally deleterious 58 

mutations, plus drift.  Only if those two explanations prove unsatisfactory need more 59 

complicated explanations be considered; for example, scenarios of balancing or positive 60 

selection. 61 

It is a bedrock principle of neutral theory that polymorphism within a group is expected to 62 

be proportional to divergence between groups if the only evolutionary forces involved are 63 

mutation, drift, and uniform purifying selection [10-12].  For DNA sequences, the proportionality 64 

is between nucleotide diversity (θ≈4Neμ in diploids) and divergence between taxa (D=2μt), 65 

where Ne is the genetic effective population size, μ is the per-nucleotide mutation rate and t is 66 

the time since divergence, in generations.  From classical population genetics theory, the 67 

frequency of a deleterious allele at mutation-selection balance (MSB) is �� � �

�
, where s is the 68 

strength of purifying selection [13] (in the case of near-complete selfing, as in C. elegans, the 69 

relevant selection coefficient is the homozygous effect).  The strength of purifying selection 70 

and/or the mutation rate may differ between genes, but the proportionality is not affected.  71 

For quantitative traits, the analog of the per-nucleotide mutation rate, μ, is the mutational 72 

variance VM=Uα2, where � � ∑ ���  is the genomic mutation rate and α2 is the average squared 73 

effect of a new mutation on the trait [11, 14, 15].  Different traits represent the quantitative 74 

genetic analog to different genes at the molecular level.  For a neutral trait at mutation-drift 75 

equilibrium, the genetic variation segregating within a population VG=2NeVM, and populations will 76 

diverge asymptotically at rate 2VM [11].  For traits under purifying selection (directional or 77 

stabilizing), at MSB �� �
��

�
 , where s is the average strength of purifying selection against a 78 

mutant allele that affects the trait [15-17].                  79 

Obviously, no trait is an island [18], which is to say that the evolutionary fate of an allele 80 

x that affects trait Z depends not only on its effect on Z (plus drift) but also on its pleiotropic 81 

effects on all other selected traits, and also on the cumulative effects of alleles with which x is in 82 
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linkage disequilibrium.  The relationship �� �
��

�
 implicitly includes both the direct selective 83 

effects of mutations on the trait in question, but also the pleiotropic effects of selection on 84 

correlated traits.   85 

The multivariate extensions of VG and VM are the standing genetic and mutational 86 

variance-covariance matrices, G and M, of which the diagonal elements are the variances, VG,i 87 

and VM,i respectively, and the off-diagonal elements are the genetic/mutational covariance 88 

between traits i and j, CovG,ij and CovM,ij [19].  The covariances capture the cumulative effects of 89 

pleiotropy and linkage disequilibrium.   90 

In a finite population, random genetic drift removes genetic (co)variance at rate 	1 � �

���
� 91 

per generation.  Thus, for neutral traits at mutation-drift equilibrium, the expectation is G=2NeM 92 

with random mating and 4NeM with complete selfing [11].  For traits under strong (quasi-93 

deterministic) selection, the evolution of G can be (approximately) captured in the relationship 94 

Δ� � ��� � ��	�� � 2�� 2∑ ∑ ��
	
�

��

�
��� ��
 � ��


 � [19, 20].  The first term in parentheses 95 

describes the composite effects of selection, both directional (�) and quadratic (the matrix of 96 

stabilizing and correlational selection gradients, �), and the second term in parentheses 97 

describes the decay by recombination of genetic covariance resulting from linkage 98 

disequilibrium built up by selection and mutation, where ��
 is the recombination rate between 99 

loci i and j (the effects of LD are usually sufficiently weak to where they can be ignored [20]).  At 100 

MSB, ΔG=0, so the deviation between G and M represents the cumulative effects of selection 101 

(Figure 1).  Unfortunately, there is no stochastic theory of the evolution of G equivalent to that 102 

for discrete loci [21, 22], so the hypothesis of neutral evolution as an underlying cause of an 103 

observed deviation between G-matrices (e.g., different populations or species), or between G 104 

and M, cannot be formally tested [23].  However, a significant difference between G and M is 105 

sufficient to reject the hypothesis that mutation alone is a sufficient predictor of G; at minimum, 106 
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genetic drift has caused G to evolve a different genetic architecture than expected from 107 

mutation in the absence of other evolutionary forces.       108 

Here we report results of a set of experiments in which we (i) estimate the cumulative 109 

effects of spontaneous mutations on the susceptibility of two strains of C. elegans to three 110 

bacterial pathogens, and (ii) estimate the standing genetic (co)variance for susceptibility to 111 

those same three pathogens from a set of ~50 C. elegans wild isolates.  Our first, broad goal is 112 

to determine the realms of consistency and of idiosyncrasy in the mutational process in the 113 

context of host-pathogen evolution.  Our second, broad goal is to draw inferences about the 114 

strength and pattern of natural selection acting on C. elegans' susceptibility to bacterial 115 

pathogens, relative to the inferred strength of selection on competitive fitness.   116 

 117 

 118 

Figure 1.  Depiction of a hypothetical relationship between two traits, X and Y.  The orange 119 

ellipse represents the input of genetic (co)variance by mutation (M), the black dashed ellipse 120 
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represents the trajectory of bivariate directional selection (β), and the blue ellipse represents the 121 

genetic (co)variance matrix (G) at mutation-selection balance.  After [20].  122 

 123 

Materials and Methods 124 

Mutation Accumulation (MA) experiments – basic principles 125 

A mutation accumulation experiment is simply a pedigree, in which replicate populations derived 126 

from a known, (ideally) genetically-homogeneous progenitor are propagated under conditions in 127 

which natural selection is minimally effective [24, 25].  Typically, selection is minimized by 128 

minimizing Ne; mutations with fitness effects s<1/4Ne are effectively neutral [26].  129 

 MA experiments can be used to illuminate the workings of natural selection in two ways.  130 

First, they provide the most straightforward and least assumption-laden way to estimate 131 

mutational (co)variances, which can be compared to the standing genetic (co)variances as 132 

outlined in the Introduction.  Second, if selection is directional, or at least has a directional 133 

component, mutational bias (i.e., ΔM ≠ 0) will generally point in the opposite direction of 134 

selection.  On average, mutations are deleterious.  Thus, fitness declines under MA conditions.  135 

Traits that are positively correlated with fitness should, on average, exhibit a negative mutational 136 

bias; traits that are negatively correlated with fitness should, on average, exhibit a positive 137 

mutational bias.  By way of comparison, the same principle underlies inbreeding depression, 138 

wherein rare recessive alleles produce a deleterious phenotype when homozygous.      139 

 140 

Mutation Accumulation (MA) lines 141 

Details of the mutation accumulation experiment are given in [27].  N2 is the standard laboratory 142 

strain of C. elegans; PB306 is a wild isolate graciously provided by Scott Baird.  The basic 143 

protocol follows that of Vassilieva and Lynch [28] and is outlined in Figure 2. Briefly, replicate 144 

populations (MA lines) were initiated from a cryopreserved stock of a highly-inbred ancestor at 145 
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mutation-drift equilibrium and propagated by transferring a single immature hermaphrodite at 146 

each generation (four-day intervals).  Worms were maintained on 60mm NGM agar plates, 147 

spotted with 100 μl of an overnight culture of the OP50 strain of E. coli B, at a constant 20°C.  148 

The lines were propagated for 250 transfers (G250), beginning in March, 2001 and culminating 149 

with a final cryopreservation in 2005. 150 

 151 

 152 

Figure 2.  Schematic depiction of the MA experiment.  Ovals represent individuals, with two 153 

pairs of chromosomes (yellow, green).  Colored bars on chromosomes represent mutations 154 

unique to each MA line, which accumulate over the course of the t (≈250) generations of MA; 155 

the ancestor is taken to be genetically uniform and homozygous at all loci.  At each generation 156 

(G1, G2, ...Gt), a single individual is propagated to a new plate to found the next generation.   157 

 At every transfer, the prior two generations of each MA line were kept at 20°C as 158 

backups; if the focal worm did not reproduce, the plate was reinitiated with an immature 159 

individual from the previous generation; we refer to this as "going to backup".  If the focal worm 160 

reproduced but no offspring had reached the L2 stage, we kept the offspring in the experiment 161 
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to reproduce in the next generation; we refer to this delay in reproduction as "holding over".  162 

Holding over reduces the actual number of generations of evolution of an MA line below the 163 

maximum (G250). In principle, going to backup should have no effect on the total number of 164 

generations of MA, because the backup worm should be a (double) first cousin of the worm that 165 

would have been transferred.  However, there is some opportunity for overlapping generations 166 

on backup plates (e.g., if we had to go to backup twice or more in a row), so there is some 167 

ambiguity with respect to the actual number of generations of MA.  The upper bound on the 168 

number of generations is the total number of possible transfers in the experiment (G250); the 169 

lower bound is the number of successful transfers (GMIN).  Data on transfers and additional 170 

context is given in Supplemental Table S1.   171 

Of the 100 N2 and PB306 MA lines initiated in 2001, 73 N2 MA lines and 71 PB306 172 

remained available at the time these experiments were initiated in 2015. Of those lines, whole 173 

genome sequencing subsequently revealed that four pairs of the N2 lines and six pairs of the 174 

PB306 lines were cross-contaminated at some point in the MA process.  Accordingly, we 175 

discarded one line from each pair, retaining the line for which the total sample size was larger.  176 

On average, each MA line carries about 65 spontaneous base-substitution and small indel 177 

mutations [29], with probably a few larger structural variants (Saxena and Baer, unpublished 178 

results).   179 

The cryopreserved progenitor (G0) serves as a control in two ways.  The difference 180 

between the trait mean of the G0 and MA treatments represents the cumulative effect of 181 

spontaneous mutations on the trait mean.  If the G0 progenitor is subdivided into replicate 182 

"pseudolines" (PS) which are subsequently treated identically to the MA lines (Figure 2), the 183 

difference between the among-MA line and the among-PS line components of variance 184 

represents the cumulative heritable variance resulting from the accumulation of spontaneous 185 

mutations (and potentially epimutations, depending on the experimental design [30, 31]).  PS 186 

lines were constructed by thawing a sample of the cryopreserved G0 progenitor onto an agar 187 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2021. ; https://doi.org/10.1101/2021.09.07.459309doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.07.459309
http://creativecommons.org/licenses/by-nc/4.0/


10 

 

plate.  The next day, individual L4 stage hermaphrodites were picked singly to new plates, each 188 

of which was designated a PS line. PS lines were subsequently treated as if they were MA lines.  189 

Unfortunately, due to a management error on the part of the senior author (CFB), not all 190 

pathogen treatments include similar numbers of pseudolines (see below).   191 

 192 

Competitive fitness assay 193 

Competitive fitness of the PB306 MA lines and their G0 progenitor was assayed in two blocks, 194 

beginning in May, 2005.  The details of that assay have been published elsewhere [32], and are 195 

reprised in the Supplemental Material.  Fitness assay data are given in Supplemental Table 196 

S2. 197 

 198 

Wild isolates 199 

A collection of wild isolates of C. elegans was obtained from Erik Andersen (Northwestern 200 

University) in 2015 and cryopreserved in the Baer lab.  A list of the wild isolates is given in 201 

Supplemental Table S3. The genome sequences of the wild isolates along with collection 202 

information are available at https://www.elegansvariation.org/. 203 

 204 

Pathogen infection and survival assay 205 

We used four strains of bacteria; three documented pathogens (the PA14 strain of 206 

Pseudomonas aeruginosa, the NCTC8325 strain of Staphylococcus aureus, the OG1RF strain 207 

of Enterococcus faecalis) and the standard laboratory worm food, the OP50 strain of E. coli.  208 

We use the term "pathogen" to refer to the three pathogenic species, and "bacteria" when OP50 209 

is included.  Each bacterial species was assayed in three or four experimental blocks.  210 

Pathogens were acquired from Erik Andersen and kept frozen at -80°C until use.  The basic 211 

protocol is a variant of the Andersen lab "slow killing assay" [33] (Supplemental Figure S1), the 212 

variation being that the bacterial lawn was spread on the plates rather than spotted.  Spreading 213 
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the lawn makes it less likely that worms can mitigate the harmful effects of the pathogen simply 214 

by avoiding it (although variation in behavior is obviously meaningful in its own right).   215 

Preparation of slow-killing assay (SKA) plates - On day 5 of the assay, the bacterial species to 216 

be used in that block was thawed and spread onto LB plates and incubated at 37°C for two 217 

days. On day 7, a single bacterial colony was picked to inoculate ~28 ml of YT media, which 218 

was incubated in a shaking incubator at 100 RPM at 37°C for 24 hrs. After 24 hours (day 8), 5μl 219 

of bacterial culture was spread onto a 35 mm NGMA SKA plate containing 0.05% of 100mg/mL 220 

filter-sterilized fluorodeoxyuridine (FUDR) which prevents worm progeny from hatching by 221 

inhibiting DNA synthesis [34]. Assay plates were incubated in a closed plastic container at 37°C 222 

for 24 hours. On day 9, SKA plates were moved to a 25°C incubator. 223 

Assay protocol -  On day 1 of an assay block the MA lines and G0 ancestor were thawed onto 224 

60mm agar plates (P0) seeded with OP50 and stored at 20°C. After 24 hours (day 2) a single 225 

L4 hermaphrodite (P1) was picked onto a new 60mm agar plate seeded with OP50 and 226 

incubated at the ultimate assay temperature of 25°C. Each MA line was replicated three-fold; 227 

the number of replicates from PS lines varied by block (Supplemental Table S4).  On day 6, a 228 

single L4 hermaphrodite (F1) from each replicate was picked to a new plate and incubated at 229 

25°C. On day 10, 30±3 L4 (sometimes L3) stage worms (F2) from each line were picked onto 230 

the SKA plates.  Assay plates were assigned random numbers and subsequent handling was in 231 

random order. The number of living progeny on each plate was counted at 12 hour intervals for 232 

120 hours.  233 

Survival was determined via blue light exposure. Worms exhibit a phototactic response 234 

when exposed to blue light [35]. Non-motile worms were illuminated with a blue laser pointer for 235 

five seconds; worms that did not move after this time were categorized as dead. It is important 236 

to note that only worms that were observed moving were counted as alive, those that may have 237 

crawled off the plate, or buried themselves into the agar were not counted as alive. 238 

 239 
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Data Analysis 240 

(i) Survival probability. Survival over the course of the assay was quantified by means of the 241 

chain binomial parameter, �̂ [36].  For a single interval, the probability of survival from time t to 242 

time t+1 can be expressed as  243 

������ � ����|�� � ��� � � ��
����	 


�����1 � 
��������,   Equn. 1 244 

where nt and nt+1 denote the number of individuals alive at times t and t+1, respectively.  The 245 

likelihood of survival over the entire course of the experiment (120 hrs at 12 hr intervals) is given 246 

by the equation  247 

 �
� � ∏ ������� 	 

���1 � 
���������

��� ,    Equn. 2 248 

where T denotes the number of time steps.  �̂ is the value of p that maximizes the likelihood in 249 

equation 2, calculated by taking the natural logarithm of equation 2, differentiating with respect 250 

to p, and equating to zero. 251 

We previously quantified survivorship over the course of a pathogen exposure assay 252 

with the statistic LT50 [33], but �̂ is a more meaningful measure of survival than LT50 when a 253 

large fraction of individuals survive the assay, as is the case here for all bacteria except PA14 254 

(Supplemental Figure S2).   255 

(ii) Mutational parameters.  Three statistics were calculated to quantify the cumulative effects of 256 

mutation accumulation on pathogen susceptibility. First, we estimated the mutational bias (ΔM), 257 

the per-generation change in the trait mean due to mutation accumulation.  ΔM is calculated as: 258 

∆� �
��������

����
, where ���� is the mean of the MA lines, ��� is the mean of the G0 progenitor, and t 259 

is the number of generations of MA (t=250) [37].   260 

Second, we measured the mutational variance, VM, which calculates the change in 261 

among line variance in the MA lines compared to the PS lines. VM is calculated as:  262 
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�� �
��,�����,�

	�
, where VL,MA is the among line variance of the MA lines, VL,0 is the among line 263 

variance of the PS lines, and t is the number of generations of MA .  Data were standardized by 264 

subtracting the block mean from each data point and dividing the difference by the block mean.  265 

The variance of the standardized data is the squared coefficient of variation, which provides a 266 

standardized measure of the evolvability of a trait [38].  We also standardized the data as a 267 

proportion of the residual (within-line) variance, VE; the "mutational heritability" is calculated as 268 

�
�

	 �
��

��






. 269 

Mutational covariances, CovM, and correlations, rM, were calculated analogously to VM, 270 

with the among-line components of variance replaced by the among-line components of 271 

covariance. 272 

Genotypic variances and covariances of the wild isolates were calculated analogously to 273 

the mutational (co)variances.  There is very little residual heterozygosity in the wild isolates [29], 274 

so wild isolates were treated as inbred lines, in which the genotypic variance, �� �
��

	
, where VL 275 

is the among-isolate component of variance [39].  Genetic covariances and correlations were 276 

calculated analogously.  Broad-sense heritability, �	 �
��

��

, where VP is the total phenotypic 277 

variance.      278 

   279 

Statistical Analysis 280 

To begin, we considered each combination of C. elegans strain (N2 or PB306) and bacterial 281 

species independently.  Means and variances were estimated by the general linear model 282 

(GLM) yijk=μ+ai+Lj|i+ejk|i, where yijk is the (mean-standardized) value of �̂ in a replicate, μ is the 283 

overall mean (near zero except for a small random deviation because of the mean-284 

standardization), ai is the fixed effect of treatment (MA or G0), Lj|i is the random effect of line 285 

(MA or PS) within each treatment group, and ejk|i is the residual effect, assumed normally 286 
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distributed with mean 0 and variance independent between treatment groups (banded main 287 

diagonal covariance structure).  Variances were estimated by restricted maximum likelihood 288 

(REML) with degrees of freedom determined by the method of Kenward and Roger [40], as 289 

implemented in the MIXED procedure of SAS v.9.4.  The fixed effect of treatment was tested by 290 

F-test with Type III sums of squares.    291 

 Genetic covariance matrices (M and G, respectively) were estimated by REML, as 292 

follows.  The diagonal elements of the covariance matrix are the variances in �̂� for bacteria i 293 

and the off-diagonal elements are the covariances between �̂� and �̂
 for bacteria i and j.  294 

(Co)variances can be partitioned into an among-line and within-line (residual) component.  For 295 

each strain/treatment combination, the full GLM is yijk=μ+Lj|i+ejk|i, where yijk is the (mean-296 

standardized) value of �̂ in a replicate, μ is the overall mean (near zero except for a small 297 

random deviation because of the mean-standardization), Lj|i is the random effect of line j (MA or 298 

PS) on bacteria i, and ek|ij is the residual effect.  The Lj|i are distributed (approximately) ~N(0,G), 299 

with (normalized) mean 0 and covariance structure G, as described below. The ek|ij are 300 

assumed normally distributed ~N(0,R) with mean 0 and covariance structure R, where the off-301 

diagonal elements of R are constrained to equal 0 (banded main diagonal covariance), since the 302 

replicates assayed in the different pathogens are biologically independent samples.   303 

 For each strain/treatment (MA or G0) combination, we tested two (G0) or three (MA) 304 

hierarchical models of covariance structure, (1) the full model, with unstructured G, (2) banded 305 

main diagonal G, in which the off-diagonal elements are constrained to 0, and (3) G=0, in which 306 

all elements of G are constrained to 0.  The best model was decided based on the corrected 307 

AIC [41].  If the best model had more parameters than the next-best model, the models were 308 

compared by likelihood-ratio test (LRT); the models are nested, so twice the difference in the 309 

log(likelihood) is asymptotically chi-square distributed with degrees of freedom equal to the 310 

difference in the number of parameters in the two models.  For the G0 PS lines, G is necessarily 311 
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banded main diagonal (if not 0), because the PS lines are independent biological samples in the 312 

different pathogen assays. 313 

 Among-line variances and covariances of the wild isolates were estimated similarly to 314 

those of the MA and PS lines.  Variances were estimated from GWI with a banded main diagonal 315 

covariance structure and the model compared to a model with GWI=0.  Covariances were 316 

estimated jointly from the unconstrained model and compared to the model with GWI constrained 317 

to banded main diagonal structure.  Note the notational distinction between Gi (italicized, with a 318 

subscript) and G (no italics or subscript); the former represents the among-line variance-319 

covariance matrix of group i, and the latter represents the genetic variance-covariance matrix.       320 

 The orientations of M and G in multivariate trait space were compared using the "genetic 321 

line of least resistance" approach, following Schluter [42].  We describe the method here; 322 

justification is provided in the Results.  Data (��� ) were mean-centered and divided by the block 323 

mean, averaged over all observations (MA and G0) in the block.  This approach treats block as 324 

a fixed effect and puts all four variables on a common scale.  The mutational and genetic 325 

(co)variance matrices (M and G, estimated as described above) were used as input data in a 326 

Principal Components Analysis (PCA), as implemented in the PRINCOMP procedure in SAS v. 327 

9.4.  The first principal component (PC1) is the axis of maximum genetic variance, and evolution 328 

will proceed most rapidly and easily along this axis, be it due to selection or drift [23, 43].  PC1 329 

of G is commonly referred to as gmax [42]; we follow that convention and refer to PC1 of M as 330 

"mmax".  The deviation in orientation in trait space between mmax and gmax (or mmax,1 and mmax,2, 331 

where the subscripts refer to different sets of MA lines) is represented by the angle θ between 332 

the two vectors, where θ=cos-1(mmax
Tgmax) [42].          333 

 If mmax=gmax, θ=0.  To test the hypothesis that gmax = mmax, we used a bootstrap 334 

resampling strategy [44].  We resampled MA lines with replacement, re-calculated the among-335 

line (co)variance matrix, re-ran the PCA, and estimated mmax as before; we refer to the 336 

bootstrap estimate as mmax'.  We then calculated the angle θ' between the observed mmax and 337 
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the bootstrap estimate mmax'.  The fraction of bootstrap replicates (n=1000) in which θ' > θ is the 338 

approximate P-value of a test of the null hypothesis that gmax=mmax.  Since this analysis takes 339 

gmax as estimated without error, it is formally a test of the question "How (un)likely is it that a 340 

mutational process with property mmax will produce G with property gmax?".  For a more 341 

conservative test, we can also sample wild isolates with replacement to quantify the variation in 342 

gmax'. 343 

 344 

Results   345 

Survivorship of the N2 G0 progenitor on OP50 (food) sets the benchmark by which the effects of 346 

the other, pathogenic bacteria are assessed.  Averaged over assay blocks, the N2 progenitor 347 

suffered approximately 11% mortality over the course of the 120 hr assay.  Relative to that 348 

benchmark, survivorship was further reduced by as little as 1.5% in the PB306 G0 progenitor on 349 

OP50 and by as much as 84% in the N2 G0 progenitor on PA14.  Averaged over strains and 350 

treatment groups (MA and G0), the relative pathogenicity of the three pathogenic bacteria is 351 

OP50<E. faecalis<S. aureus<<PA14 (Supplemental Figure S2; Supplemental Table S5).    352 

 353 

Mutation Accumulation (MA) lines   354 

(i) Means. We expect that survival on OP50 (food) should be unambiguously beneficial, and 355 

both N2 and PB306 do exhibit a significant negative mutational bias on OP50 (Table 1; Figure 356 

3A).  Predictions about the direction of selection for survivorship on pathogenic bacteria are less 357 

clear, because fitness tradeoffs between disease resistance and traits such as growth rate and 358 

yield in the absence of pathogens are well-documented [45-48].  All else equal, however, living 359 

is better than dying. 360 

Whether the deleterious effects of mutations are, on average, exacerbated under 361 

stressful conditions is a topic of active empirical investigation (e.g., [49-51]), but there is no 362 

theoretical reason to expect them to be [52].  Infection by a pathogen is prima facie a stressful 363 
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condition.  If the average deleterious effect is increased under pathogen stress, we predict that 364 

ΔM will be greater (more negative) in the pathogen treatments than in the OP50 treatment, and 365 

moreover, that ΔM will be greatest (most negative) in the most virulent pathogen, PA14.  366 
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 367 

  368 

 369 

Figure 3. Box-plots of 	̂ standardized by the block mean (mean = 0).  The four panels show the 370 

four different bacteria, from left to right (A-D): (A) E. coli OP50 (ECOLI), (B) E, faecalis 371 

(ENTER), (C) P. aeruginosa PA14 (PA14), and (D) S. aureus (STAPH).  N2 is shown in orange, 372 

PB306 in blue; G0 PS lines shown in dark color, MA lines in light color.  See Methods for 373 

details of 	̂ standardization. 374 
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Table 1. Means (SEM).  See Methods for derivation of �̂ and details of standardization, and for calculation of ΔM.  Values of ΔM in 375 

bold font are significantly different from 0 (P<0.05); see Methods for details of statistical tests. 376 

Strain Treatment 

 

OP50 E. faecalis PA14 S. aureus 

N2 

G0 

�̂ (raw) 0.987 (0.0054) 0.971 (0.0047) 0.744 (0.0254) 0.949 (0.0078) 

�̂ (std) 0.00369 (0.00124) 0.00590 (0.00176) -0.00764 (0.00869) 0.00487 (0.00359) 

MA 

�̂ (raw) 0.980 (0.0067) 0.958 (0.0075) 0.764 (0.0079) 0.941 (0.0029) 

�̂ (std) -0.00305 (0.00178) -0.00714 (0.00388) 0.01089 (0.00869) -0.00228 (0.00299) 

ΔM (std) -2.70E-5 (0.87E-5) -5.22E-5 (1.70E-5) 7.41E-5 (8.69E-5) -2.86E-5 (1.87E-5) 

PB306 

G0 

�̂ (raw) 0.986 (0.0061) 0.953 (0.0100) 0.868 (0.010) 0.948 (0.0105) 

�̂ (std) 0.00608 (0.00270) 0.00142 (0.00238573) 0.04476 (0.01065) 0.01498 (0.00321) 

MA 

�̂ (raw) 0.976 (0.0025) 0.950 (0.0026) 0.757 (0.0474) 0.928 (0.0086) 

�̂ (std) -0.00326 (0.00270) -0.00117 (0.00289) -0.03275 (0.01671) -0.00362 (0.00421) 

ΔM (std) -3.74E-5 (1.59E-5) -1.04E-5 (1.50E-5) -31.00E-5 (7.93E-5) -7.44E-5 (2.12E-5) 

Ave ΔM (std) -3.12E-05 -3.13E-05 -19.20E-5 -5.15E-05 
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 In general, support for those predictions is weak.  ΔM is negative in five of the six 377 

strain/pathogen combinations, although not significantly different from zero in three of the six.  In 378 

two of the six cases, ΔM is less negative in the pathogen than in the N2 progenitor on OP50, 379 

and in one of the four cases in which the point estimate of ΔM is more negative than the N2 380 

progenitor on OP50 (N2 on S. aureus), the estimate is not significantly different from 0.  The 381 

prediction that ΔM should be greatest in PA14 is borne out for PB306, but not for N2; ΔM in N2 382 

is positive (albeit not significantly different from zero).  However, survival of the N2 progenitor on 383 

PA14 was already so low (~96% mortality by 120 hours; Supplemental Figure S2) that 384 

presumably there was little opportunity for mutations to make things worse.      385 

(ii) (Co)variances.  To begin, we estimated the among-line components of variance jointly over 386 

the four bacteria for the MA lines in each strain, i.e. GMA was modeled with a banded main 387 

diagonal covariance structure (see Methods) and tested for significance by LRT against a model 388 

with GMA=0.  GMA differed significantly from 0 in both strains (N2, Chi-square=15.0, df=6, 389 

p<0.002; PB306, Chi-square=49.8, df=6, p<<0.0001). The among-MA line (co)variance GMA 390 

includes the cumulative effects of mutation, as well as the effects of heritable, non-genetic 391 

variation [30].  The sum of the variances (the trace) is the overall size of GMA. GMA is >5X 392 

greater in PB306 than in N2 (LRT chi-square=18.1, df=4, P<0.01), although the difference is 393 

less than twofold when PA14 is excluded (LRT chi-square=7.3, df=3, P<0.07; Table 2).394 
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  Table 2. Variances in standardized �̂ (SEM).  Abbreviations are: VL (among-line variance); VE (environmental variance); VM 395 

(mutational variance); ��
�  (mutational heritability); rM,W (correlation between line mean �̂ and competitive fitness; VG (genetic 396 

variance); H2 (broad-sense heritability). 397 

Strain 

 

OP50 E. faecalis PA14 S. aureus 

N2 VL (MA) 0.000056 (0.000033) 0.000365 (0.000163) 0.001796 (0.001163) 0.000086 (0.000106) 

VL (PS) 4.54E-6 (6.91E-6) 0 0.000128 (0.000357) 0.000254 (0.000118) 

VE (MA) 0.000236 (0.000036) 0.000624 (0.000127) 0.008323 (0.001308) 0.001034 (0.000135) 

VE (PS) 0.000114 (0.000016) 0.000334 (0.000046) 0.006918 (0.000961) 0.000664 (0.000111) 

VM (std) 1.03E-07 7.30E-07 3.34E-06 0 

��
�  5.89E-04 1.52E-03 4.38E-04 0 

PB306 VL (MA) 0.00028 (0.000093) 0.000172 (0.000086) 0.01083 (0.003134) 0.000396 (0.000219) 

VL (PS) 0.000026 (0.00003) 0.000019 (0.000061) 0 0.000041 (0.000096) 

VE (MA) 0.000538 (0.000075) 0.000631 (0.000091) 0.01663 (0.002199) 0.001479 (0.00023) 

VE (PS) 0.000408 (0.000059) 0.000521 (0.000092) 0.0143 (0.001809) 0.000789 (0.000147) 

VM (std) 5.08E-07 3.06E-07 2.17E-05 7.10E-07 

��
�  1.07E-03 5.31E-04 1.40E-03 6.26E-04 
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r
M,w

 -0.001 (0.238) -0.075 (0.311) -0.114 (0.205) 0.431 (0.247) 

Ave VM (std) 3.06E-07 5.18E-07 1.25E-05 3.55E-07 

Ave ��
�  8.31E-04 1.03E-03 9.19E-04 3.13E-04 

Wild 

Isolates 

VG 0.000282 (.000081) 0.000038 (.000028) 0.000765 (.000217) 0.000238 (0.0000675) 

VE 0.00036 (0.000064) 0.000455 (0.000074) 0.001163 (0.000196) 0.000291 (0.000048) 

�
� 0.305 0.072 0.284 0.31 

 398 
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GPS includes only the contribution of non-genetic heritable variation.  The same analysis 399 

for the PS lines has less power than for the MA lines because there are fewer PS lines than MA 400 

lines (PB306, n=6,9,39,39 for PA14, OP50, E. faecalis, and S. aureus, respectively; N2, 401 

n=9,9,39,39 for the same pathogens).  For PB306, GPS=0 is the best model (ΔAICc = -4.4), and 402 

for all four bacteria the point estimate of the among-line variance of the MA lines is an order of 403 

magnitude greater than that of the PS lines (Table 2).  In N2, however, the banded main 404 

diagonal model is significantly better than the alternative model with GPS=0 (ΔAICc = -2.0; LRT 405 

Chi-square=8.2, df=6, p<0.05).  That result is driven by the variance on S. aureus, which is ~3X 406 

greater among PS lines than among MA lines (Table 2).         407 

In principle, the mutational covariance matrix M=GMA-GPS [53, 54].  Ideally, GPS=0 (i.e., 408 

there is no heritable (co)variance among PS lines), in which case M=GMA.  However, since we 409 

have no estimate of the off-diagonal elements of GPS (see Methods), we are left with two 410 

choices: either assume that GPS=0 and forge ahead, or stop.  Clearly, it is unjustified to assume 411 

that GPS=0 in N2, whereas there is statistical justification for assuming that GPS=0 in PB306.  412 

What we can say with some confidence is, if there are non-genetic factors that contribute to 413 

heritable (co)variance, their cumulative effects are about an order of magnitude less than those 414 

of mutation except in the case of N2 on S. aureus.  Accordingly, we will forge ahead and 415 

assume that M is as inferred from GMA in PB306, although the tenuousness of that assumption 416 

is manifest.   417 

One of our primary goals was to compare MN2 to MPB306 (i.e M estimated from each set of 418 

MA lines) to better characterize variation in the mutational process in the context of the 419 

multivariate phenotype.  The fact that GPS≠0 for N2 negates that possibility.  However, GMA 420 

represents the combined contribution of mutational and transgenerational epigenetic effects to 421 

the heritable variation among MA lines.  We redefine GMA as the (epi)mutation matrix M*, to 422 

explicitly acknowledge the potential contribution of epigenetic factors in addition to the 423 

cumulative effects of mutation, and similarly redefine PC1 of M* to m*max.  The assay of wild 424 
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isolates was not designed to partition the heritable variance into genetic and non-genetic 425 

components, so we re-define G as G*, the (epi)genetic variance-covariance matrix, and similarly 426 

redefine gmax as g*max.          427 

 Turning first to VM, mutational heritabilities (��
� �

��

��
����

) for all four pathogens are on the 428 

order of 0.5-1x10-3/generation (Table 2), which is typical for a wide range of traits in a variety of 429 

organisms [55], including C. elegans [56].  Etienne et al. [33] previously estimated mutational 430 

parameters for survival on PA14 of (almost) the same set of PB306 MA lines.  The survival 431 

assay and measure of survivorship in the Etienne et al. study (spotted bacterial lawn, LT50) 432 

both differed from this study (spread lawn,  �̂), but the estimated ��
�  of LT50 was ~1x10-

433 

3/generation, very close to the estimate from this study. 434 

 The (epi)mutational covariance/correlation matrices M* as inferred from GMA are shown 435 

in Table 3.  Two features of M* are evident: the correlations between survival on the actual 436 

pathogens (i.e., all except OP50) are large and positive (>0.5) and at least marginally 437 

significant, whereas the correlations between survival on OP50 and on the pathogens are much 438 

smaller. 439 

 The first principal component of M* (m*max,PB306) accounts for ~99% of the variance 440 

among PB306 MA lines, and m*max,N2 explains nearly as much in N2 (Supplemental Table S6).  441 

The appropriateness of drawing evolutionary inferences from comparisons of principal 442 

components of G has been criticized on the grounds that "...(evolutionarily) causal factors need 443 

not have orthogonal effects on the phenotype" [57], but when essentially all of the heritable 444 

variance falls along PC1, the "genetic lines of least resistance" approach seems reasonable, 445 

since there is hardly any unexplained variance about which the constraint of orthogonality could 446 

be misleading.   447 

 The difference in orientation of m*max,PB306 and m*max,N2 does not differ from the random 448 

expectation (θ=0.214, P>0.80).  We therefore pooled samples over the two sets of MA lines and 449 
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Table 3. (Epi)mutational variance-covariance matrices M* (SEM).  (Co)variances shown above/on the diagonal in dark shading; 450 

correlations shown below the diagonal in light shading.  See Methods for details of calculations.  451 

Strain Tr Bacteria OP50 E. faecalis PA14 S. aureus 

PB306 MA OP50 2.82E-4 (0.94E-4) 0.21E-5 (0.65E-5) -4.70E-4 (3.99E-4) 1.18E-4 (0.94E-4) 

E. faecalis 0.10 (0.30) 1.66E-4 (0.85E-4) 6.80E-4 (3.57E-4) 1.62E-4 (0.90E-4) 

PA14 -0.27 (0.22) 0.51 (0.24) 1.09E-2 (0.32E-2) 1.42E-3 (0.60E-3) 

S. aureus 0.34 (0.27) 0.62 (0.33) 0.67 (0.23) 4.15E-4 (0.22E-4) 

       
N2 MA OP50 5.60E-5 (3.30E-5) -3.00E-5 (5.60E-5) 2.40E-5 (1.18E-4) 6.35E-6 (4.30E-5) 

E. faecalis -0.19 (0.41) 3.41E-4 (1.61E-4) 8.80E-5 (3.28E-4) 1.68E-4 (0.95E-4) 

PA14 0.075 (0.37) 0.11 (0.42) 1.80E-3 (1.16E-3) -1.20E-4 (2.69E-4) 

S. aureus 0.95 (0.65) 1 (-) -0.31 (0.72) 7.90E-5 (1.06E-4) 

 452 

  453 
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re-calculated m*max for comparison to g*max.  The difference in orientation between m*max and 454 

g*max also does not differ from the random expectation (θ=0.409, P>0.64).  In hindsight, the 455 

similarity of orientation in trait space between M* and G* was predictable, given that PA14 456 

explains the largest component of the variance in both MA lines and wild isolates (Table 2).            457 

(iii) Mutational correlations with relative competitive fitness.  Under the MA conditions (20°C, 458 

NGM plates, fed on OP50), the PB306 MA lines decline in competitive fitness at about 459 

0.1%/generation (ΔMw= -1.13+0.25x10-3/gen), very close to the estimate of ΔMw for N2 in the 460 

same assay (-1.09/gen [32]).  Mutational correlations (rM) between �̂� on pathogen i and relative 461 

competitive fitness are shown in Table 2.  rM  between �̂ on OP50 and competitive fitness in the 462 

MA environment is ~0, consistent with the 27X greater (more negative) rate of mutational decay 463 

of competitive fitness than of �̂ on OP50 (Table 1).  Although there is significant mutational 464 

variance for survivorship on OP50 at 25°C over the course of 120 hrs, the relevant mutations 465 

evidently have no consistent effect on competitive fitness under the MA conditions.  Similarly, rM 466 

between relative fitness and �̂� on E. faecalis and PA14 is also near 0; only with S. aureus is 467 

there a marginally significant mutational correlation (rM=0.43, P<0.1).    468 

 469 

Wild isolates 470 

The standing (epi)genetic (co)variances (G*) and correlations are given in Table 4.  The full 471 

(unconstrained) model of G* provided the best fit (ΔAICc=3.5, LRT chi-square=16.2, df=6, 472 

P<0.02), with highly significant VG (p<0.001) for all pathogens except E. faecalis (LRT chi-473 

square=2.6, df=1, P>0.10).  Broad-sense heritability, H2, is approximately 30% for all bacteria 474 

except E. faecalis, for which H2=7%.  The lower H2 on E. faecalis is a result of lower VG rather 475 

than greater VE, which is not much greater than on OP50 or S. aureus, and less than for PA14 476 

(Table 2).  477 

Heuristic comparison of G* with M* reveals several noteworthy features.  First, the rank 478 

orders of the mutational and standing (epi)genetic variances (VM and VG) are similar, with PA14 479 
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having the greatest variance and E. faecalis the least, with OP50 and S. aureus intermediate. 480 

This finding is expected.  VM typically predicts VG with high confidence for a variety of traits in  481 

 482 

Table 4. Standing (epi)genetic variance-covariance matrix, G* (SEM).  (Co)variances shown 483 

above/on the diagonal in dark shading; correlations shown below the diagonal in light shading.  484 

See Methods for details of calculations. 485 

Bacteria OP50 E. faecalis PA14 S. aureus 

OP50 5.64E-4 (1.62E-4) 1.04E-4 (0.67E-4) 3.78E-4 (1.87E-4) -0.70E-4 (1.22E-4) 

E. faecalis 0.51 (0.31) 0.76E-4 (0.56E-4) 3.28E-4 (1.20E-4) 0.70E-4 (0.62E-4) 

PA14 0.41 (0.17) 0.96 (0.32) 1.53E-3 (0.43E-3) -0.40E-4 (2.07E-4) 

S. aureus -0.13 (0.23) 0.37 (0.32) -0.045 (0.24) 4.76E-4 (1.35E-4) 

 486 

disparate organisms [58-61].  The rank order is not an artifact of mean-scaling; it is the same for 487 

the unscaled �̂.  Second, rM and rG are themselves uncorrelated (r = -0.14).  That result 488 

indicates that, at minimum, pleiotropy is not unbreakably strong.  However, the standing genetic 489 

correlation between �̂ on E. faecalis and �̂ on PA14 is nearly 1 (rG=0.96), although an inference 490 

based on a correlation between two variables, one of which the variance is not significantly 491 

different from zero (E. faecalis), is not robust. 492 

 493 

Discussion 494 

 495 

Consistency and idiosyncrasy 496 

The average number of base-substitution and small indel mutations per genome is nearly 497 

identical between the N2 and PB306 MA lines [29], and, although the data are limited, it 498 

appears that the (probably small) number of larger structural variants is similar between the two 499 
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strains as well (A. S. Saxena and Baer, unpublished results).  Thus, differences between the 500 

two strains in the cumulative effects of mutations are evidently the result of differences in the 501 

distribution of mutational effects (DME), rather than differences in the total number of mutations.  502 

One reassuring consistency is the congruence of the results of this study with the 503 

findings of a previous assay of (nearly) the same set of PB306 MA lines on PA14 [33].  Given 504 

the ubiquity of block effects (in this study, and in general), it was a distinct possibility that the 505 

outcome of two experiments in the same set of lines, seven years apart and performed by 506 

different people, would be very different.  Although the details of the assays and the measures 507 

of survivorship differ between the two studies, ��
�  and VM are both within 20%.  The mutational 508 

bias, ΔM, is about 3X greater (more negative) in this study than in the previous one, but the 509 

orders of magnitude (~10-4/gen) are similar, and substantially greater than for the other, less 510 

virulent bacteria (Table 1).  511 

Given the relatively consistent behavior of PB306 from one assay to the next, the 512 

discrepancy between PB306 and N2 on PA14 is all the more striking.  VM is more than sixfold 513 

greater in PB306 than in N2, and the discrepancy cannot be attributed to inflated among-line 514 

variance in the G0 PS lines in N2 (Table 2).  Contrast that result with those on S. aureus, in 515 

which the among-MA line variance in PB306 is ~4X greater than in N2, but the among-PS line 516 

variance in N2 is almost as large as the variance among MA lines.  517 

That the among-PS line variances (GPS) are significantly different from 0 in N2 but not in 518 

PB306 warrants further scrutiny.  The significant difference is entirely due to S. aureus; for the 519 

other three bacteria, the variance among the MA lines is ~10X greater than among PS lines, just 520 

as for PB306.  Further, the among-PS line variance in N2 is not a result of just a couple of 521 

outlying lines; the distribution of PS line means has a distinct left tail reminiscent of the typical 522 

distribution of MA lines (Supplemental Figure S4). Type I error notwithstanding, the proximate 523 

cause of heritable variation among genetically identical lines is transgenerational epigenetic 524 

inheritance [62-65] which can have various ultimate causes, including starvation [66, 67], 525 
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various types of abiotic stress [67-69], and exposure to pathogens [70, 71], as well as random, 526 

spontaneous epimutation [31].  Any of those are plausible causes of variation among N2 PS 527 

lines.  Whether N2 is inherently more prone to transgenerational epigenetic variation (in the lab 528 

environment) than PB306, or wild isolates in general, is not known, although epigenetic 529 

modifications have an underlying genetic basis.   530 

 Does the evidently different DME in N2 and PB306 provide additional insight into 531 

evolution?  It is tempting to think that the same (average) number of mutations with different 532 

cumulative effects in different backgrounds implies that mutations must interact epistatically.  533 

However, the observable (not observed, in this instance) DME represents a sample from some 534 

underlying true DME.  In principle, one could model the (multivariate) DME for both genotypes 535 

and compare the best model with a single underlying DME to the best model with two DMEs, 536 

one for each genotype.  We do not pursue that line of inquiry here.   537 

  538 

Natural selection 539 

The finding that ΔM<0 in all but one case (N2 on PA14) implies that mutations that reduce 540 

survival upon exposure to pathogenic bacteria are deleterious, on average.  That is not 541 

surprising in hindsight, although it is certainly plausible that fitness tradeoffs could result in 542 

stabilizing selection on pathogen susceptibility.  The lack of correlation between survival on 543 

pathogens with competitive fitness in the MA environment indicates that pleiotropy between 544 

mutational effects in the two contexts is not strong, but reveals little about selection in the 545 

natural environment.       546 

 To get a rough idea of how strong selection on these traits is, the neutral expectation 547 

provides a benchmark.  For a neutral trait in a predominantly selfing organism such as C. 548 

elegans, at mutation-drift equilibrium, VG≈4NeVM [11].  Ne in C. elegans has been estimated to 549 

be on the order of 105 [72], so if VM≈5x10-5, as for �̂ on OP50, we expect VG≈2, about a 550 

thousand times greater than the observed value.  The discrepancy grows to about ten 551 
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thousand-fold for �̂ on PA14.  Although there is considerable uncertainty associated with all of 552 

these estimates, clearly, the ability to survive exposure to pathogenic bacteria is not a neutral 553 

trait. 554 

 If selection is sufficiently strong to be approximately deterministic (i.e., ignoring drift), at 555 

mutation-selection balance, �� �
��

�
, where s represents the average strength of selection 556 

against a mutation affecting the trait [15]; see [17] for caveats.  By that calculation, s≈0.002 for 557 

mutations affecting �̂ on OP50, and about an order of magnitude stronger (s≈0.03) on the 558 

virulent pathogen PA14.  Selection on the two less-virulent pathogens is intermediate, s≈0.009 559 

on E. faecalis and s≈0.004 on S. aureus.  By way of comparison, a similar calculation for 560 

competitive fitness (measured in the MA conditions) revealed s≈0.005 [32], which was in close 561 

agreement with a direct estimate of the average mutational effect ��≈0.0035, calculated by 562 

dividing the cumulative decline in competitive fitness of the MA lines by the average number of 563 

mutations carried by an MA line.  These point estimates are obviously rough, but it is evident 564 

that mutations that affect susceptibility to pathogens experience significant selection in nature.  565 

Whether the selection is direct, imposed by exposure to pathogens in nature, or indirect, due to 566 

pleiotropic effects on fitness in the absence of pathogens, cannot be ascertained from these 567 

experiments.  However, the absence of a mutational correlation between �̂ and relative fitness 568 

(in the MA context) implies that it might be the former.  Recent studies have revealed a complex 569 

transgenerational epigenetically inherited (TEI) behavioral response to the PA14 strain of P. 570 

aeruginosa that varies among wild isolates [73], which strongly reinforces the inference that 571 

PA14 imposes significant direct selection in nature. 572 

 Mutation-selection balance (MSB) is not the only possible mechanism by which genetic 573 

variation may be maintained; balancing selection (BS) is another.  There are several well-574 

documented balanced polymorphisms in C. elegans (summarized in [74]), and there are 575 

numerous examples from diverse organisms in which pathogens do contribute to BS [75-78].  576 
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An important theoretical consideration is that, if BS is the predominant mechanism responsible 577 

for the maintenance of genetic variation, there is no reason to expect VG and VM to be 578 

correlated.  In fact, to the extent that anyone has looked, VM and VG are invariably highly 579 

positively correlated, as they are in this study.  BS and MSB are often set up as alternative 580 

hypotheses for the maintenance of genetic variation, but it is realistic to expect that uniformly 581 

deleterious alleles will always contribute to trait variation, whereas balanced polymorphisms 582 

may or may not.  If that scenario is generally true, the effect of BS would be to weaken the 583 

relationship between VM and VG, and that does not seem to be the case.  If, in contrast, BS is 584 

the exception rather than the rule, the occasional trait experiencing BS would appear as a high 585 

outlier, with more VG than predicted by its VM, and selection as inferred from the ratio of VM to VG 586 

would appear anomalously weak.  The strength of selection for survival on OP50 (food) is 587 

similar to the strength of selection on competitive fitness, and selection on the three pathogens 588 

is stronger still.  Thus, although BS may contribute to maintenance of genetic variation for 589 

susceptibility to bacterial pathogens in some (or even many) cases, our results provide no 590 

support for that hypothesis.          591 

 592 

Conclusions 593 

1. With one exception (N2 on PA14), the cumulative effect of mutations is to increase 594 

susceptibility to pathogens.  Moreover, survival upon exposure to pathogens is uncorrelated 595 

with competitive fitness under the MA conditions.  Thus, there is little support for the existence 596 

of tradeoffs between susceptibility to pathogens and fitness in the absence of pathogens. 597 

2. To the extent that M* and G* are reliable estimators of M and G, respectively, it is evident that 598 

survival on these bacteria is subject to effective selection (because G<< 2NeM), but also that M* 599 

is a sufficient predictor of the orientation of G* in multivariate trait space (because g*
max is not 600 

significantly different from m*
max).        601 
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3. The strength of selection against mutations underlying susceptibility to pathogens, as inferred 602 

from the ratio VM/VG, is commensurate with selection against mutations affecting competitive 603 

fitness.  Our results provide no evidence that genetic variation for susceptibility to bacterial 604 

pathogens is maintained by balancing selection. 605 

 606 
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