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Most flowering plants are hermaphroditic and experience strong pressures to evolve self-pollination (automatic selection and

reproductive assurance). Inbreeding depression (ID) can oppose selection for selfing, but it remains unclear if ID is typically strong

enough to maintain outcrossing. To measure the full cost of sustained inbreeding on fitness, and its genomic basis, we planted

highly homozygous, fully genome-sequenced inbred lines of yellow monkeyflower (Mimulus guttatus) in the field next to outbred

plants from crosses between the same lines. The cost of full homozygosity is severe: 65% for survival and 86% for lifetime

seed production. Accounting for the unmeasured effect of lethal and sterile mutations, we estimate that the average fitness of

fully inbred genotypes is only 3–4% that of outbred competitors. The genome sequence data provide no indication of simple

overdominance, but the number of rare alleles carried by a line, especially within rare allele clusters nonrandomly distributed

across the genome, is a significant negative predictor of fitness measurements. These findings are consistent with a deleterious

allele model for ID. High variance in rare allele load among lines and the genomic distribution of rare alleles both suggest that

migration might be an important source of deleterious alleles to local populations.

KEY WORDS: Field fitness, inbreeding depression, monkeyflower, rare alleles.

Over 160 years since Darwin (1876, 1877) identified the

problem, it remains a paradox that hermaphroditic species

maintain outcrossing despite strong selection for self-fertilization

(Fisher 1941; Lloyd 1979). Over 90% of flowering plants

are hermaphroditic (Renner and Ricklefs 1995) and most are

substantially or predominantly outcrossing (Goodwillie 2005;

Igic et al. 2006). Plants have evolved complex mechanisms to

prevent self-fertilization, such as molecular self-incompatibility

(Takayama and Isogai 2005), herkogamy including flexistyly and

heterostyly (Ganders 1979; Li et al. 2001a; Opedal 2018), and

dichogamy (Bertin and Newman 1993). Classical theory predicts

that a population should maintain outcrossing if inbreeding

depression (ID) is strong enough, specifically that δ > 0.5 where

δ equals one minus the fitness of selfed relative to outcrossed

progeny (Kimura 1959; Lande and Schemske 1985; Charlesworth

and Charlesworth 1987).

∗
This article corresponds to Hudson, A. I. 2020. Digest: Exposing the

role of rare alleles in inbreeding depression in monkeyflower. Evolution.

https://doi.org/10.1111/evo.13931.

The “δ > 0.5 rule” has motivated experimental estimation

of ID in many species. Winn et al. (2011) recently reviewed

plant estimates; the mean δ for lifetime fitness was slightly

greater than 0.5 for both highly outcrossing and mixed mating

species. Unfortunately, interpretation of δ estimates near 0.5 is

problematic because, for a number of reasons, the δ > 0.5 rule

underestimates the necessary strength of ID to halt selfing. Lloyd

(1979) showed that “delayed selfing,” where a plant self-fertilizes

ovules after the opportunity to outcross has passed, can evolve

even with very high ID. The reproductive assurance provided

by selfing is also advantageous for the colonization of new

habitats (Baker 1955) and for range expansion (Grossenbacher

et al. 2015). In addition, delayed selfing can purge deleterious

mutations from a population and thus increase the likelihood that

“competing selfing” (self- and cross-fertilization compete for the

same ovules; Lloyd 1979) might be favored.

Because it treats all inbred individuals as equivalent, δ

is an imperfect statistic for ID. In fact, fitness varies with the

level of inbreeding and should decline monotonically with
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F, the individual inbreeding coefficient (Morton et al. 1956;

Kimura and Maruyama 1966; Charlesworth and Charlesworth

1987; Kondrashov 1988; Charlesworth et al. 1991). δ predicts

the increase of a small-effect mutation that increases selfing

within an outcrossing population, because in this case, nearly

all inbred individuals will be the selfed progeny of outbred

parents (F = 0.5). The fitness of inbred individuals carrying the

selfing modifier will be approximately equal to, and unchanged

from, the mean ID in the original population. ID is effectively

characterized by δ because all inbred individuals are essentially

equivalent in terms of expected genome-wide homozygosity.

This simplification no longer applies with large-effect selfing

mutations, which can increase in certain situations even when δ

>> 0.5 (Lande and Schemske 1985; Holsinger 1988; Uyenoyama

et al. 1993). Individuals carrying a large-effect selfing mutation

become a distinct subpopulation, really a collection of distinct

lineages, with varying levels of inbred fitness. If the selfing muta-

tion fortuitously fixes within a lineage of low mutational load, this

lineage can expand to exclude outcrossing genotypes from a pop-

ulation. The selfing mutation can “find” the right lineage through

a combination of chance, if it occurs within a plant carrying fewer

deleterious mutations, and subsequent intra-family purging of

deleterious alleles (Kelly and Tourtellot 2006). Most importantly,

the fate of the selfing mutation will be determined by the fitness

of highly inbred (homozygous) individuals. At present, most

estimates for ID are based on fitness measured in first-generation

selfed progeny, not highly homozygous individuals.

The first objective of this paper is to estimate the relative fit-

ness of highly homozygous genotypes (F � 1) under field condi-

tions within a large outcrossing population. Most experimental es-

timates of ID are based on first-generation selfs (F = 0.5) assayed

under benevolent conditions (Winn et al. 2011). Here, we compare

inbred lines to F1 crosses between lines of yellow monkeyflower

(Mimulus guttatus). The lines were derived from randomly sam-

pled, field-collected individuals and allele frequencies in the lines

match estimates from direct field collections (Troth et al. 2018).

The second objective of the paper is to use the full genome

sequences of the lines in combination with the fitness estimates

to further characterize the genetic basis of ID. ID may result from

rare (partially) recessive deleterious alleles at low frequency in

the population (the “dominance hypothesis,” Charlesworth and

Willis 2009), in which case fitness of inbred individuals should

decline with the load of deleterious alleles. ID could also result

from increased homozygosity at overdominant loci (Li et al.

2001b; Luo et al. 2001), and/or from loci with partially dominant

alleles maintained at intermediate frequency by some form of

balancing selection (Lee et al. 2016). Under the “overdominance

hypothesis,” fitness may positively correlate with genome-wide

heterozygosity, although this prediction depends on how many

loci exhibit heterozygote advantage.

In this study, we find no evidence for overdominance at

individual single-nucleotide polymorphisms (SNPs), although

we have limited power to detect such loci. However, there is

a significant negative correlation between the number of rare

alleles carried by a given line (the “rare allele load”) and fitness

measurements. This result is consistent with the dominance

hypothesis insofar as the rare allele load is correlated with the

deleterious mutation load. We find that rare alleles are distributed

nonrandomly (in clumps) within individual plant genomes; the

locations of these rare allele clusters (RACs) vary among plants.

Importantly, the number and composition of RACs is a better

predictor of fitness in both field and greenhouse than the overall

rare allele load, which suggests that migration/introgression could

be an important source of deleterious alleles in the population.

Methods
STUDY SYSTEM AND LINE DEVELOPMENT

Mimulus guttatus (Phrymaceae, syn. Erythranthe guttata) grows

in western North America, from northern Mexico to Alaska.

Populations are annual or short-lived perennials, reliant on bees

for pollination. Estimated selfing rates vary among M. guttatus

populations, and between years within a population, but most

populations are predominantly outcrossing (Ritland and Ganders

1987; Awadalla and Ritland 1997; Sweigart et al. 1999). Here,

we investigate the Iron Mountain (IM) population of M. guttatus

(Oregon, U.S.A.; 44.402217 N, –122.153317 W), an annual

population with an outcrossing rate of over 90% (Willis 1993b).

Each of the inbred lines used in the present study was

initiated from a single seed sampled from IM, each seed from

a distinct maternal plant. Note that 1200 lineages from one

collection of wild plants were started in 1995 (those with a prefix

“IM”), but after six generations of single seed descent (selfing

with random selection of a single seedling per family for the next

generation), only 300 remained (Willis 1999b; Kelly 2003). The

purpose of this experiment was to allow lethal and sterile muta-

tions to fix randomly within lines, in proportion to their frequency

in the natural population. After extinction of these lineages, the

resulting “purged” population (f > 0.98) carried only sublethal

and mildly deleterious mutations. Some lines might also have

died owing to the aggregate effect of many sublethal mutations,

but the critical point for the current study is that a component

of genetic load segregating in the natural population has been

removed from the lines. Importantly, the line creation experiment

differs from the hypothesized line formation process associated

with large-effect selfing mutations (described above) because the

experiment minimized the opportunity for intralineage purging.

The survival of 300 of 1200 lineages yields our estimate

of 75% genetic death in line formation. Of course, plants can

fail to reproduce for nongenetic reasons, but outbred IM plants

have nearly 100% survival under greenhouse conditions. Also,
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Kelly (2003) attempted to regrow seed from the fourth and

fifth generation lines that had failed by generation 6, but very

few of these lineages were resurrected. Since 2003, we have

periodically germinated and selfed these lines and they are now

6–12 generations inbred. A second collection of inbred lines from

the Zia-1 base population are distinguished by the prefix “Z.”

Each of the Z lines is derived from a single IM seed (Kelly 2008).

However, single-seed descent for the Z lines was performed with

cold stratification of seed (1 week) before germinating in the

greenhouse. The IM lines were formed without cold treatment.

In total, 187 lines have been whole-genome sequenced and

confirmed to be highly homozygous; population genomic results

such as the allele frequency spectrum are reported in Puzey et al.

(2017) and Troth et al. (2018). Whole-genome sequencing also

revealed that several of the lines are more closely related to each

other either due to splitting of a single founder into multiple

inbred lines or by random sampling of close relatives in the field.

For the field component of the present study, we selected 37 IM

lines established to be wholly unrelated (not any more or less

closely related in any of the other 36) by the kinship matrix of

Troth et al. (2018). For the greenhouse study, we planted 165 of

the sequenced lines (116 IM and 49 Z).

FIELD EXPERIMENTAL DESIGN

We generated both self-fertilized progeny and outcrossed progeny

by growing three to four plants from each line to maturity in the

U. Kansas greenhouses. We performed two different types of

crosses to obtain outcrossed progeny: fertilization with pollen

from a single non-self IM line (random mate-pair crosses) and

fertilization with a mixture of pollen from seven other non-self

IM lines (group crosses). The latter were done to test if producing

more diverse progeny increases the average fitness of progeny. We

germinated seed from each cross/self in the University of Oregon

greenhouses, with seed to soil on May 7, 2018. On May 21–

23, 2018, we transplanted 1176 greenhouse-germinated seedlings

(37 lines, 4–40 seedlings per line, average 32) into absorbent

peat/wood fiber pots (Jiffy Strip, Blue Ridge Greenhouses), one

seedling per pot (548 selfed, 304 group outcrossed, 324 single

outcrossed). One day after transplanting, we settled pot strips

into the soil/moss matrix of the Browder Ridge Trailhead site

(Oregon, USA; 44.373238 N, –122.130675 W) in two cohorts, one

day apart. Browder Ridge is our “transplant site,” geographically

close and ecologically similar to IM (Mojica et al. 2012). We

arranged the transplants such that in each flat of eight plants, there

was a row of four outcrossed plants next to a row of four selfed

plants all from the same maternal line when possible. This was

meant to minimize the random effect of spatial variation across

the field plot. Each maternal line group was planted in many

different places across the plot. The timing of transplant ensured

that wild individuals were at the same developmental stage as our

experimental transplants (cotyledon or two leaf stage). On July 21,

2018, we harvested experimental plants to estimate fitness. All but

five of the transplants were fully desiccated, and only one still had

an open flower. We noted which individuals had survived to flower

and collected all fruits. We scored all individuals for survival to

flower (0/1). For all survivors, we determined the number of

flowers, number of fruits, seed set per fruit, and total seed set.

GREENHOUSE FOLLOW-UP

We grew 134 of the whole-genome sequenced IM lines (on

January 11, 2019) under the same conditions in which the lines

were initiated (1–10 per line, average five plants). Z lines were

stratified at 4°C for one week prior to being transferred to the

U. Kansas greenhouse, whereas IM lines were not stratified. We

had previously established an interaction between stratification

treatment and line type (Z vs. IM) on germination success in the

greenhouse (Fig. S1), so we have only grown lines in their initi-

ation conditions for this experiment. We transplanted germinants

to 2.25 in pots after 14 days in the greenhouse, randomizing

them between flats on the greenhouse bench. Two weeks after

transplanting, we cut each plant at the hypocotyl/root junction and

collected the above-ground mass into coin envelopes. We dried

the tissue in an oven at 300°F for 1 hour and weighed/recorded

the dry mass, accurate to one-tenth of 1 mg.

ANALYSIS

For the field data, we first tested the distinct outcross treatments

to determine if progeny of group crosses were different from

single matings. There was no evidence of difference for any

fitness component (Fig. S2). Thus, for subsequent whole-plant

analyses, we combine all outcrossed progeny of a maternal

line into a single category. We cannot use group crosses for

genomic analyses because the progeny genome sequence cannot

be inferred (specific father unknown). Sample sizes are not

sufficient for a meaningful SNP-level testing (Supporting

Information Appendix 1). To calculate the rare allele load of

each line, we determined allele frequencies in the full (unfiltered)

variant call file obtained by Troth et al. (2018). We suppressed

one line (IM764) from the frequency calculations because it is

excessively divergent across multiple chromosomes. Table S1

reports all 5,018,997 SNPs where the minor allele is �5% in the

inbred lines (“rare” for this analysis). We scored each line for

number of rare alleles carried at these loci. The rare allele load is

the count of rare alleles divided by the total scored sites for each

line. For each family consisting of F1 progeny from reciprocal

single-crosses planted in the field (17 in total), we also calculated

the genome-wide heterozygosity as a fraction of scored loci.

To characterize rare allele distribution across the genome,

we calculated rare allele load within 500 SNP windows in each

line. To delineate RACs, we used the cpt.meanvar function in

changepoint in R with the PELT method and a BIC penalty
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(Killick and Eckley 2014; Fig. 2). The program distinguishes

intervals in sequence where the mean and variance of the variable

(rare allele load here) changes. We identified RACs as peaks

of multiple adjacent windows in which rare allele load exceeds

either 5%, 7.5%, or 10%. The overall rare allele load can then be

partitioned into two components, within RACs and background

(remainder of genome).

STATISTICAL TESTING

We performed all model fits using R (R Core Team 2013).

We tested for the effect of cross-type, rare allele load, load

inside/outside of RACs, and heterozygosity on field survival

using generalized linear mixed-effect models. Here, survival was

categorized as a binomial response (logit link function) estimated

using the glmer function in the lme4 package (Bates et al. 2007),

which uses restricted maximum likelihood. The mixed-effects

models included maternal line or family as a random effect and

interactions when necessary. The mixed model was compared

to a generalized linear model without random effects using the

built-in R function glm.

Total fitness in the field, measured by seed set, is overdis-

persed relative to the Poisson distribution (Fig. S3). For this

reason, we used the reaster function from the R package aster

to fit an exponential family regression model (Geyer et al. 2007,

2013). Aster models test for an effect on total fitness as a cumula-

tive trait composed of different stages of life history by allowing

each stage to have a different response type. Reaster fits an aster

model with random effects. We treated cross-type, rare allele

load, load inside or outside of RACs, and heterozygosity as fixed

effects and maternal line (and its interaction with the fixed effect)

as a random effect. We structured the life history model into three

stages: survival to flower (binomial), any seed set (binomial),

number of seeds (zero-truncated Poisson), and compared these

models to the corresponding model without random effects using

aster. For plants grown in the greenhouse, the natural log of above

ground dry mass yields normal residuals (Fig. S4), so we per-

formed multiple linear regression on the average ln dry mass for

every line. We used the built-in R function lm to test for an effect

of rare allele load (and load inside/outside of RACs) on line means

of ln(mass) using line collection (IM vs. Z) as an additional factor.

Results
Inbreeding depression: There was a sevenfold decrease in the total

fitness of selfed individuals compared to outcrossed individuals in

the field (7.6 vs. 1.1, δ = 0.86, z = 4.63 for out vs. self, P = 3.75

× 10–6). This high level of ID is caused by an almost threefold

decrease in survival to flowering (28.5% vs. 9.85%, δ = 0.65,

z = −6.044, P = 1.5 × 10–9), and among survivors, the mean

outcrossed seed set was 26.8 seeds versus only 11 seeds for inbred

plants. Seed counts are within the range reported in previous

field experiments using IM genotypes (Mojica and Kelly 2010;

Mojica et al. 2012; Monnahan and Kelly 2015). These estimates

are from the full model including both maternal line and line by

cross-interaction as random effects (See Table S2 for all model

fits). We find a significant effect of line (z = 3.32, P = 0.000454)

and line by type of cross-interaction (z = 3.26, P = 0.0056) on

total fitness in the reaster model that includes both as random

effects (see Fig. S5 for a visual representation of the interaction).

The variance in average phenotype among families was

higher for outcrossed families than inbred families for both

survival (0.050 vs. 0.026) and total seed (105.01 vs. 5.32).

Given that our field fitness δ does not include lethal or sterile

mutations, which segregate in the natural population but not in

the inbred lines, our cumulative estimate for the relative fitness

of homozygous plants is (0.25)(0.14) = 0.035. The resulting

δ (0.965) accounts for the 75% of lines that perished owing to

fixation of deleterious mutations over generation 5 of selfing

(Willis 1999a,b). One inbred line, IM922, had a higher mean

total fitness (9.05) than the outbred mean (7.6), although the

confidence band on the former estimate is very large (including

values far below the outbred mean).

Genomic predictors of inbred and outbred fitness: The 31

lines included in the field experiment have a rare allele load be-

tween 0.38% and 2.1% (mean 1.5%). Among selfed progeny, rare

allele load is a highly significant predictor of survival (Fig. 1A;

z = −3.64, P = 0.00027), but not lifetime seeds (Fig. 1B; z =
−1.45, P = 0.15). If line is included as a random effect, tests

become nonsignificant (Table S3) because line ID and rare allele

load are strongly confounded (co-linear predictors). The lines

with lower rare allele load have higher survival (left portion of

Fig. 1A), but the limited replication at this end of the scale limits

inference. The distribution of rare alleles is very nonrandom

across the genome in a line-specific manner (Fig. 2). Only a small

subset of lines is elevated within any window (otherwise the

alleles would not be rare). We considered different thresholds to

define RACs as predictors of field fitness (Table S4): 5% provided

the greatest predictive power. The mean of load in 5% RACs is

0.58% across lines (about one-third of the total rare allele load).

Even when line is included as a random effect, load within 5%

RACs is a highly significant predictor of field survival (Fig. 1C,

z = −4.944, P = 7.67 × 10−07). Ideally, we predict fitness using

load within and outside of RACs as simultaneous predictors

(multiple linear regression). Unfortunately, the inside/outside

numbers are strongly positively correlated across lines (r = 0.65

for 5% RACs, 0.57 for 7.5% RACs, and 0.53 for 10% RACs),

which makes the partial regression estimates unstable.

The outcross progeny between single lines (F1s) have known

whole genome sequences. Among the F1s grown in the field,

the overall heterozygosity of plants varied from 15.7% to 21.2%.

Heterozygosity is not a significant predictor of survival either as
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Figure 1. Effect of rare allele load (A, B) and load within RACs (C, D) on inbred line survival and total seed set in the field experiment.

Curves are predicted from simple model fits in glm. Asterisk for (C) indicates the only relationship that remains significant in the full

model with line included as a random factor. Predictions are given by the following: (A) survival = (eˆ(−0.577 − 110.6∗x))/(1 + eˆ(−0.577

− 110.6∗x)); (B) total fitness = eˆ(1.206 − 75.44∗x); (C) survival = (eˆ(−0.6577 − 336.9103∗x))/(1 + eˆ(−0.6577 − 336.9103∗x)); (D) total

fitness = eˆ(1.32007 − 268.58975∗x).

a single predictor or with line included as a random factor (Table

S7). It has an apparently positive effect on lifetime seeds, but

this effect is marginally nonsignificant (P = 0.075) without line

and entirely nonsignificant (P = 0.46) when line is included as

a random factor.

We performed the greenhouse experiment on a much larger

collection of lines to more clearly distinguish the effect of rare

allele load. This experiment reveals a highly significant effect of

both rare allele load and load in 7.5% RACs (the best fit model,

Table S6) on above-ground biomass at day 28 (Fig. 3, Table S5;

F = 13.55, P = 0.00034 for rare allele load, F = 15.22, P =
0.00015 for load in peaks). The 5% RAC cut-off used in the field

experiment analysis is also highly significant (Table S6). Line

set has a marginal effect (IM vs. Z: F = 4.01, P = 0.047). One

line (Z12) is an outlier for rare allele load (0.033) and load in

7.5% peaks (0.013), but after dropping that point, both predictors

remain highly significant (F = 10.53, P = 0.0015 for rare allele

load, F = 11.85, P = 0.00078 for load in peaks). Dropping set as

a factor changes the estimated effect of rare allele load minimally

(Table S5).

Discussion
Severity of ID: Hermaphroditic populations should evolve

self-fertilization unless ID is sufficiently strong (Kimura 1959;

Charlesworth and Charlesworth 1987). The prediction that δ must

be greater than 0.5 to maintain outcrossing is burdened with many

caveats (Lloyd 1979; Uyenoyama et al. 1993; Johnston et al.

2009), but most of these exceptions favor selfing and thus increase

the necessary severity of ID to maintain outcrossing. In this exper-

iment, we find that inbreeding to (nearly) full homozygosity has

an enormous fitness cost. In the field, the lifetime seed production

of inbred plants was only 14% that of their outbred competitors

(δ = 0.86). Accounting for lethal and sterile mutations that

segregate in the natural population but not in our experimental

lines, the δ estimate increases to 0.965. This value is much higher
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Figure 2. Rare allele proportion, within windows of 500 SNPs, is clustered into localized regions that vary among lines. Shown as an

example is a section of chromosome 2 from �10Mb to 15Mb. Red overlay indicates where change point has contiguous windows with

similar mean and variance. The gray line at 0.05 is our cutoff for RACs in the field analysis and ∗ denotes RACs.

Figure 3. Regression of log mass onto (A) Rare allele load or (B) load in 7.5% RACs for greenhouse experiment. Model included line set

(IM vs. Z) as a factor.

than previously obtained from populations with similar selfing

rates (5−15%, Winn et al. 2011), which range from 0.21 in

Campanula americana (Galloway et al. 2003) up to 0.53 in Yucca

filamentosa (Huth and Pellmyr 2000) . However, ID in these

studies was measured using greenhouse-grown first-generation

selfed progeny from field collected plants. Here, we evaluate the

fitness consequences of high homozygosity and find the cost is

great enough to maintain predominant outcrossing. It may be

strong enough even to resist large-effect selfing mutations that

can invade when δ >> 0.5, although this conclusion remains ten-

tative given the relatively strong performance of a few lines (e.g.,

IM922).

Our cumulative δ (0.965) is at least roughly consistent with

previous estimates from M. guttatus. Using first-generation selfs
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(F = 0.5), Willis (1993b) obtained δ = 0.69 for the IM popula-

tion in Oregon, whereas Carr and Dudash (1995) estimated even

higher values (0.70−0.73) for their S and T populations in Cal-

ifornia. These δ are lower than 0.965, but this is not surprising

given that the fitness decline is predicted to double when progress-

ing from first-generation selfs to full homozygosity (Morton et al.

1956; Charlesworth and Charlesworth 1987). In stark contrast, the

DUN population of M. guttatus (Oregon) exhibits minimal ID, a

few percent depending on fitness component (Marriage and Kelly

2009). However, this extensively asexual population exhibits min-

imal heterozygosity/variation at both microsatellite loci and for

quantitative traits. There is not expected to be much intrapopula-

tion ID in populations where all plants have very nearly the same

highly homozygous genotype. In contrast to DUN, the IM popu-

lation studied here has one the highest levels of sequence variation

yet documented in a plant population with synonymous nucleotide

diversity of approximately 3.3% genome wide (Puzey et al. 2017).

Two caveats require attention. First, adaptation to the

greenhouse environment likely occurred while making the inbred

lines. Homozygous genotypes cannot adapt (except by de novo

mutation), but differential germination of seeds during line

formation could have favored some genotypes over others (see,

for example, Fig. S1). For the field study, we germinated plants

in the greenhouse and then transplanted seedlings into the field,

but germination relevant loci could have pleiotropic effects on

field performance. Our experimental design is insulated from this

potential bias. The outbred plants in the experiments are derived

from crosses between the inbred lines and thus carry the same

(putatively) lab-adapted alleles in the same frequency. Any shift

in allele frequencies between lines and the field population is

shared equally by inbred and outbred plants, which differ only

in heterozygosity. Also, given that germination is a component

of fitness (not considered our experiments), ID may actually be

greater than we estimate.

A more serious concern is that we measured fitness as

lifetime seed production. We did not measure outcross siring

success; half of adult fitness in the predominantly outcrossing

IM population. However, several previous experiments in M.

guttatus indicate a severe effect of inbreeding on male reproduc-

tive capacity. The number of viable pollen grains produced by a

plant declines more substantially than other fitness components,

with several populations showing an accelerating decline of

pollen viability with increasing homozygosity (Willis 1993a;

Carr and Dudash 1997; Carr et al. 1997; Kelly 2005). Thus, as

with germination, our neglect of male fitness suggests that our

already severe estimate of ID is likely underestimated.

Cause of ID: Genome sequencing provides a new opportu-

nity to investigate mechanisms for ID and heterosis. Results vary

significantly among species and even among crosses/phenotypes

within species (Yu et al. 1997; Li et al. 2001b; Luo et al. 2001;

Springer and Stupar 2007; Schnable and Springer 2013). In princi-

ple, sequencing allows direct evaluation of the models by attribut-

ing fitness effects to individual loci. Unfortunately, genome-wide

association studies (GWAS) struggle to estimate the effects of rare

alleles (Myles et al. 2009; Josephs et al. 2017), which are the cause

of ID under the dominance model. Allele frequencies should be in-

termediate with overdominance, and thus it is noteworthy that we

found no evidence of heterozygote superiority at individual SNPs

(Supporting Information Appendix 1). However, our field experi-

ment is underpowered to detect SNPs with slight overdominance,

and the small variance among F1s in heterozygosity impedes test-

ing for an aggregate effect of (putative) overdominant loci.

We did obtain significant associations between fitness and

genome-wide distillations of the number and location of rare

alleles (Figs. 2, 3). It is noteworthy that a simple statistic like

rare allele load predicts fitness given that the great majority of

rare alleles might be neutral or nearly neutral (Kimura and Ohta

1971). The first remarkable feature of rare allele load is the extent

to which it varies among lines. If minor alleles were randomly

assigned to lines (linkage equilibrium), the variance in rare allele

load would be approximately equal to the mean divided by the

number of SNPs, that is, the Poisson expectation (Schultz and

Willis 1995). The actual variance across lines (1.50 × 10−05) is

over 4000 times greater than the Poisson predicted variance (3.51

× 10−09 given an average rare allele frequency of 0.0154 and

4,379,000 SNPs scored (on average) per line). The inflation is

due to positive linkage disequilibrium (LD)—rare alleles tend to

co-occur within localized genomic windows of each line (Fig. 2)

(Kelly et al. 2013). The rare allele load is a standardized sum of

0/1 values across SNPs, and thus its variance is the sum of single

locus variances (binomial) plus twice the sum of covariances

across all pairs of loci. Thus, although the rare allele load is not

the deleterious allele load, the former may be an indicator of the

latter due to LD between neutral and deleterious alleles. Recently,

Kremling et al. (2018) showed that rare alleles per inbred line

are correlated with extreme gene expression patterns in maize.

They also found fitness consequences to this “dysregulation,”

but noted that maize breeding history somewhat confounds this

effect.

We partitioned the rare allele load after noting the nonran-

dom genomic distribution of rare alleles within lines (Fig. 1).

We found that rare alleles in genomic clusters (RACs) were a

slightly better predictor of fitness decline in both field (Fig. 2)

and greenhouse (Fig. 3) than either the overall rare allele load

or the load outside of RACs. This observation is preliminary but

intriguing. Migration of pollen and/or seed from other popula-

tions into IM might be an important source of deleterious alleles

insofar as RACs are the remnants of immigrant genomes. Indeed,

RACs resemble “introgressed segments” from an experimental

intercross population (Fig. 1; Tanksley 1983; Patterson et al.
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2004). Of course, if local environmental conditions make rare

alleles deleterious, why is the relationship evident in the novel

greenhouse environment? Our greenhouse experiment evaluated

early growth rate. IM has a short growing season that exerts selec-

tion for fast growth and rapid progression to flower (Mojica et al.

2012). If the migrant alleles confer slower growth early in life (in

terms of above ground biomass), introgressed alleles are likely to

reduce fitness in this assay. Indeed, some populations close to Iron

Mountain exhibit a slower growth life history (Troth et al. 2018).

RACs are defined based on allele frequency and SNP

location and they do not likely provide a clean partitioning

of mutations into different types (e.g., locally adaptive alleles

vs. unconditionally deleterious mutations). In contrast, Ge-

nomic Evolutionary Rate Profiling (GERP) uses phylogenetic

conservation across highly divergent taxa to identify sites that

are constrained (Cooper et al. 2005). Scoring novel alleles at

conserved sites as putatively deleterious, Yang et al. (2017) found

a negative correlation between GERP score for a SNP and fre-

quency in a collection of inbred maize lines, as well as a positive

correlation between GERP score and effect on grain yield (fitness

in the agricultural environment). GERP uses conservation across

a broad taxonomic scale and the behavior of the statistic for

within-species variation resulting from local adaptation is unclear.

We propose that combining RAC analysis and GERP scoring

might be fruitful in future studies to better classify rare alleles as

neutral, conditionally deleterious, or unconditionally deleterious.

In summary, we here demonstrate that sustained inbreeding

is severely detrimental in yellow monkeyflower, and further that

ID is predicted by the load of rare alleles carried by an inbred

line. Rare alleles are nonuniformly distributed across the genome,

and partitioning them into load within clusters and background

load better predicts both field and greenhouse fitness. The

presence of fitness-determining clusters of rare alleles indicates

that migration or introgression could be an important source of

deleterious variants in the Iron Mountain population of yellow

monkeyflower.
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