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Abstract

Cellular energy production requires coordinated interactions between genetic components from the nuclear and mitochondrial

genomes. This coordination results in coadaptation of interacting elements within populations. Interbreeding between divergent

gene pools can disrupt coadapted loci and result in hybrid fitness breakdown. While specific incompatible loci have been detected in

multiple eukaryotic taxa, the extent of the nuclear genome that is influenced by mitonuclear coadaptation is not clear in any species.

Here, we used F2 hybrids between two divergent populations of the copepod Tigriopus californicus to examine mitonuclear coad-

aptationacross thenucleargenome. Usingdevelopmental rateas ameasureoffitness,we found that fast-developingcopepodshad

higher ATP synthesis capacity than slow developers, suggesting variation in developmental rates is at least partly associated with

mitochondrial dysfunction. Using Pool-seq, we detected strong biases for maternal alleles across 7 (of 12) chromosomes in both

reciprocal crosses in high-fitness hybrids, whereas low-fitness hybrids showed shifts toward the paternal population. Comparison

with previous results on a different hybrid cross revealed largely different patterns of strong mitonuclear coadaptation associated

with developmental rate. Our findings suggest that functional coadaptation between interacting nuclear and mitochondrial com-

ponents is reflected in strong polygenic effects on this life-history phenotype, and reveal that molecular coadaptation follows

independent evolutionary trajectories among isolated populations.
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Introduction

Cellular energy production via oxidative phosphorylation

(OXPHOS) occurs inside the mitochondria, but relies on phys-

ical interactions between proteins encoded by both the

mitochondrial (�13 proteins) and nuclear genomes (�60–

80 proteins; Bar-Yaacov et al. 2012). Although OXPHOS is

the ultimate generator of ATP, mtDNA replication, transcrip-

tion, and gene translation also require coordination between
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the two genomes. Because of these intimate interactions,

natural selection within an isolated population is expected

to favor allele combinations between the two genomes that

optimize physiological function. In many taxa, this process of

coadaptation often involves the evolution of compensatory

substitutions in nuclear genes as these respond to rapidly

evolving mitochondrial genomes (Rand et al. 2004; Ballard

and Pichaud 2014; Sloan et al. 2018).

Given sufficient divergence, secondary contact and hybrid-

ization is known to break up previously coevolved mitonuclear

components, forcing nuclear-encoded proteins to function

with a “novel” mitochondrial genome. Experiments in multi-

ple systems have demonstrated reduced fitness of hybrids,

termed hybrid breakdown, associated with functional

“mismatches” between mitonuclear pathway components

(Bolnick et al. 2008; Ellison et al. 2008; Chou et al. 2010;

Meiklejohn et al. 2013). Mitochondrial dysfunction resulting

from such incompatibilities is now appreciated as a possible

driver of reproductive isolation, as well as possibly underpin-

ning certain human cellular and physiological impairments

(Burton et al. 2013; Reinhardt et al. 2013; Wolff et al.

2014; Zaidi and Makova 2019). Despite many examples of

specific mitonuclear incompatibilities, it is unclear whether

certain regions are more likely than others to be involved in

mitonuclear incompatibilities, and whether hybrid breakdown

observed in different population crosses is due to the same

incompatible regions. Moreover, how does intensity of selec-

tion and number of incompatible regions change with in-

creasing divergence?

The copepod Tigriopus californicus has been a model for

examining hybrid breakdown for decades (Burton 1990a,

1990b). This species inhabits shallow pools on the supralittoral

zone (“splash pools”) along the west coast of North America.

Gene flow between adjacent populations is nearly zero, with

many population pairs showing mtDNA sequence divergence

in excess of 20% (Burton and Lee 1994; Burton et al. 2007;

Willett and Ladner 2009). Divergence at nuclear genes is also

high (Barreto et al. 2011). Nevertheless, laboratory crosses

generate hybrids with highly fit F1 individuals, but starting at

the F2 generation, hybrid populations suffer hybrid break-

down, in which fitness is markedly decreased, affecting sev-

eral phenotypes, such as reduced female fecundity, slower

developmental time to maturity, and lower viability (Burton

1990a; Edmands 1999; Ellison and Burton 2006; Ellison and

Burton 2008; Foley et al. 2013). Although hybrid fitness is on

average lower than that of parental populations, a major fea-

ture of this pattern of hybrid breakdown is a wider distribution

of fitness levels among recombinant hybrids, with new ex-

treme levels of low fitness reached in some individuals,

whereas other recombinant individuals retain parental-level

fitness (Edmands 1999; Ellison and Burton 2008; Barreto

and Burton 2013). This pattern suggests that hybrid break-

down is caused by certain genetic incompatibilities, and does

not occur due to a generalized genomic instability.

Breakdown has also been shown to occur in mitochondrial

function, with recombinant hybrids exhibiting, on average,

reduced capacity for ATP synthesis (Ellison and Burton 2006;

Ellison and Burton 2008). Hybrid breakdown has been traced

to mitonuclear incompatibilities, and some studies have found

association of specific mitonuclear genotypes and mitochon-

drial function. For example, mitonuclear subunits of the cyto-

chrome c oxidase enzyme complex (complex IV of OXPHOS)

that are “matched” (i.e., come from the same population)

result in higher enzyme activity in vitro (Edmands and Burton

1999; Rawson and Burton 2002). Also, hybrids with matched

mitochondrial RNA polymerase (mtRPOL) and mtDNA also

have higher mitochondrial gene transcription (Ellison and

Burton 2008). Although these target gene studies have iden-

tified loci at least partly involved in mitonuclear incompatibil-

ities, genome-wide analyses have predicted that strong

coding sequence coadaptation has occurred across many

functional pathways (Barreto et al. 2018). Therefore, selective

pressure imposed by the mitochondrial genome is likely man-

ifested at multiple functional pathways.

In order to quantify the role of mitonuclear coadaptation

on nuclear genome evolution, a recent study by Healy and

Burton (2020) compared nuclear allele frequencies between

fast-developing (high fitness) F2 hybrids from reciprocal

crosses of two T. californicus populations (San Diego [SD]

and Santa Cruz [SC], California). They found strong selection

favoring the respective maternal alleles along chromosomes

1–5 (out of 12), demonstrating that maintaining compatibility

between nuclear and mitochondrial alleles at multiple loci is

important for individual development and mitochondrial func-

tion. A major advantage of the T. californicus system is the

presence of a population divergence continuum across its

geographic range (Edmands 1999, 2001; Barreto et al.

2018), permitting inquiries about the repeatability and accu-

mulation of functional variants. Lima et al. (2019) took advan-

tage of this framework and compared allele frequency shifts

associated with viability to adulthood in reciprocal crosses of

three different interpopulation hybrid F2 samples. Like Healy

and Burton (2020), they found evidence for strong mitonu-

clear effects in several chromosomes in each cross. However,

only chromosome 10 was similarly involved in all crosses, and

each cross had at least two uniquely affected chromosomes.

Here, we extend this line of investigation by quantifying

nuclear allele frequency changes in reciprocal hybrid crosses,

with individuals differing in developmental rate and ATP syn-

thesis rates. We use a divergent interpopulation cross (SD and

Strawberry Hill [SH], Oregon) and examine the evolution of

mitonuclear coadaptation across the nuclear genome, identi-

fying single nucleotide polymorphisms (SNPs) via whole-

genome sequencing. In addition, by comparing our results

to those of Healy and Burton (2020) (same phenotypes and

approach, different crosses), we ask if the same nuclear

regions are involved, or whether SD and SH have accumulated

different or more coadapted loci.
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Materials and Methods

Copepod Culturing and Scoring of Developmental Rates

Copepods were collected from high intertidal pools in San

Diego, CA (henceforth SD: 32.45, –117.25) and Strawberry

Hill Wayside, OR (SH: 44.25, –124.11) and maintained in large

cultures in 400-ml beakers containing artificial seawater

(ASW; Instant Ocean, Blacksburg, VA) at 35 parts per thou-

sand salinity. The beakers were kept in constant-temperature

incubators at 20 �C and 12 h:12 h light:dark cycles. Cultures

were fed a mixture of live microalgae (Isochrysis galbana and

Nannochloropsis oculata) and dry commercial fish food

(ground Spirulina and TetraMin flakes). Once a month, partial

water changes and food additions were performed, and

beakers mixed haphazardly to promote outbreeding. Stock

cultures were maintained in this manner for a minimum of

two months (approximately two generations) before individ-

uals were used in any of the experiments below.

Interpopulation crosses (SD$�SH# and its reciprocal

SH$�SD#) were initiated by combining, in 100 mm� 15 mm

Petri dishes, virgin females (separated from mate-guarded

pairs) with males from the other population. Approximately

100 pairs of each cross were started, and maintained in mul-

tiple dishes (�20 pairs per dish) in the same conditions as

stock cultures. After mating occurred, males were removed

and the females monitored. Females were transferred to a

new Petri dish once F1 larvae were observed, and larvae

from multiple plates were pooled in a beaker to maximize

outbreeding. The F1 were allowed to mature and form breed-

ing pairs, which were then transferred to new Petri dishes.

After mating occurred, males were removed and females

monitored for egg development. Egg sacs that were well-

developed were carefully removed from gravid females using

a fine syringe needle and transferred to a new Petri dish.

Clutches manipulated in this manner generally hatch within

a few hours, but we removed any eggs that had not hatched

after 18 h. Only five egg sacs were hatched in each plate to

control for density, and food amount was standardized across

all dishes.

Since all F2 clutches in a given dish hatched within 18 h,

they were assigned the same hatch date and then monitored

daily for metamorphosis into copepodids (CI stage).

Development time for each individual was scored as the num-

ber of days from hatch to CI. Each scored copepodid was then

isolated into a well of a 24-well plate, assigned a unique ID

number, and allowed to grow to maturity to increase DNA

yield for genetic analysis. Isolated adult copepods were

starved for 24 h to clear their gut prior to being saved in

1.5-ml tubes at –80 �C until DNA isolation. Hatch dishes

were monitored daily until no individuals were seen. We

hatched enough egg sacs until at least 2,000 individuals

were scored per reciprocal cross.

To obtain parental-level fitness distributions, we scored de-

velopment time for pure SD and SH individuals in the same

manner. Developed egg sacs were haphazardly picked from

gravid females found in healthy stock cultures, and clutches

hatched and monitored as above. A minimum of �1,200

hatched individuals were phenotyped per parental

population.

Sequence Divergence

The overall genomic divergence between SD and SH has

never been reported. Here, we calculated raw percent se-

quence divergence between SD and SH and between SD

and SC by performing reciprocal BlastN alignments between

the annotated SD genes (Barreto et al. 2018) and a published

SH transcriptome assembly (NCBI accession GHUE00000000;

Graham and Barreto 2019), and published SC transcriptome

(Pereira et al. 2016; Dryad accession dryad.23s61).

Genome Sequencing and Analyses

For Pool-seq (Schlötterer et al. 2014), we prepared four pools

of copepods, each comprising the 10% fastest- or slowest-

growing copepods from each reciprocal cross (fig. 1). Pools of

individuals were placed in a 1.5-ml tube containing isolation

buffer and DNA was isolated using phenol: chloroform

(Sambrook and Russell 2010). Possible contaminant RNA

was removed with RNase A incorporated in the protocol.

For each pool, we constructed a whole-genome DNA library

using the Nextera DNA Library Preparation Kit (Illumina, San

Diego, CA). Each pool received unique dual barcodes during

PCR enrichment of 10 cycles. Post-PCR samples were then

size-selected from a 2.5% agarose gel in the range 350–

550 bp, and gel slices were purified with MinElute Gel

Extraction kit (Qiagen, Hilden, Germany). After quantification

(Qubit fluorescence, Thermo Fisher, Waltham, MA), purified

samples were pooled in equimolar amounts and sequenced

as 150-bp paired-end reads across 1.5 lanes of the Illumina

HiSeq3000 platform at the Center for Genome Research and

Biocomputing (Oregon State University, Corvallis, Oregon).

Mapping of reads and quantification of allele frequencies

followed the pipeline designed by Lima and Willett (2018),

and used in other studies (Lima et al. 2019; Healy and Burton

2020). Before allele frequency analyses, we generated a ref-

erence genome assembly for the SH population. A single

whole-genome Nextera sample was prepared from a pool

of 20 full-sib adult copepods (i.e., from the same clutch).

This sample was sequenced as 150-bp paired-end reads on

half of one lane of an Illumina HiSeq3000 instrument. Reads

were trimmed for base quality, and adaptor contamination

using “cutadapt” (Martin 2011), and only reads>50 bp were

retained. To generate the assembly, we followed the ap-

proach in Barreto et al. (2018) which uses the de novo assem-

bly for the SD population in reference-guided assemblies of

other populations. In brief, SH reads were mapped to the SD

assembly using bwa-mem (Li and Durbin 2009) with more

permissive parameters (-k 15 -B 3 -O 5 -E 0), and only uniquely
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mapped reads were retained with samtools (Li et al. 2009).

We then used samtools and bcftools to extract the consensus

sequence from the alignments. This process retains the scaf-

folding of the SD assembly while replacing the sequence with

that from the SH reads. Because of the divergence between

these two populations, large gaps are expected, especially in

intergenic regions. Nevertheless, the coordinates are main-

tained between SD and SH. The two assemblies were then

“equalized” with respect to all gaps (“N” positions) so that

differences in assembly quality did not influence mapping. In

addition, a catalog of SNP positions that are fixed between SD

and SH were identified by mapping and variant calling of

population-specific reads (the SH reads obtained here, and

SD reads from Barreto et al. 2018, accession SRX469409) to

the other’s genome assembly.

Reads from the four hybrid pools were quality-filtered as

above, and then mapped in parallel to the SD and SH assem-

blies using bwa-mem. Reads with MAPQ scores lower than 20

were removed. PoPoolation2 (Kofler et al. 2011) was used to

determine allele counts mapped to each population genome,

with minimum coverage of 50, maximum coverage of 500,

and minimum allele read count of 4. We cross-checked the

SNP positions between a pool’s mapping to SD and SH, and

retained only sites that were common in both mappings and

in common with the catalog of fixed SNPs between popula-

tions. In each pool, each SNP site’s read counts were averaged

between the mapping to the two references to obtain final

read count per allele. For demonstration of this method’s ac-

curacy, see Lima and Willett (2018) and Lima et al. (2019).

For statistical analyses, we retained loci positions that were

common across the four hybrid pools and that had a mini-

mum read coverage of 80�. To quantify change in allele fre-

quencies between certain pairs of hybrid pools (e.g., fast

developers between crosses), we calculated the Z-statistic de-

veloped by Huang et al. (2012) and applied a false-discovery

rate (FDR) correction (Benjamini and Hochberg 1995) at a ¼
0.01. The Z-statistic for each SNP locus is a direct measure of

the difference in allele frequency between pools, while taking

into account read coverage and pool size.

ATP Synthesis Rates

A distinct set of crosses were generated, at a smaller scale

(35–40 parental pairs per reciprocal cross), to quantify mito-

chondrial function in fast and slow developers. F2 hatching,

monitoring, and scoring were done as above.

Metamorphosed larvae were cultured in individual wells of

24-well plates. At day 32 post hatching, when most individ-

uals had already reached adulthood, 6–7 pools of eight cope-

pods for each group (fast and slow developers for each

reciprocal cross) were used in ATP assays following the

method in Harada et al. (2019). Briefly, live samples were

transferred to a 1.5-ml tube and rinsed once with 200ml of

ice-cold homogenization buffer (HB; 400 mM sucrose,

100 mM KCl, 6 mM EGTA, 3 mM EDTA, 70 mM HEPES, 1%

BSA, pH 7.6). Each sample was homogenized in 800ll cold

HB using a 2-ml glass tissue grinder (Sigma–Aldrich), and

transferred to new 1.5-ml tubes. These were centrifuged for

5 min at 1,000� g at 4�C. The supernatant was transferred to

new tubes and centrifuged for 10 min at 11,000� g (4 �C).

The supernatant was pipetted out and discarded, and the

mitochondrial pellet gently resuspended in 55ll of assay

buffer (AB; 560 mM sucrose, 100 mM KCl, 10 mM KH2PO4,

70 mM HEPES, pH 7.6) and kept on ice until assay (up to 1 h).

FIG. 1.—Frequency distributions of developmental time to metamor-

phosis in Tigriopus californicus. Individuals were scored as the number of

days from hatching to reaching copepodid I stage. (A) Outbred parental

populations, San Diego (SD, n ¼ 1,368) and Strawberry Hill (SH, n ¼
1,416); (B) SD$�SH# (n ¼ 2,097); (C) SH$�SD# (n ¼ 3,093). Shaded

areas in B and C represent the subset of individuals (n¼ 300) pooled from

each phenotypic range.
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ATP synthesis measurements were performed with a lucifer-

ase luminescence protocol using CellTiter-Glo reagent

(Promega, Madison, WI). From each sample, 5ll of mitochon-

drial resuspension were saved (–80 �C) for protein quantifica-

tion. Samples were then split into two aliquots of 25ll and

placed in PCR tubes. To each aliquot, 5ll of complex I substrate

were added and mixed by pipetting, with final substrate con-

centration of 5mM pyruvate, 2mM malate and 1mM ADP. To

one set of aliquots, 25ll of CellTiter-Glo was added immedi-

ately following substrate mixing; this stops ATP synthesis and

was used as initial (time “0”) ATP levels. The other set of ali-

quots was incubated in a thermal cycler at 20 �C for 10min, to

allow for ATP synthesis, and then CellTiter-Glo was added to

stop the reactions. Previous experiments using this protocol

showed that between 5min and 3h, ATP synthesis in vitro is

linear, and can hence be quantified within that time period

(Ellison and Burton 2006; Ellison and Burton 2008). We used

a 10-min synthesis incubation for consistency with more recent

work in this species (Harada et al. 2019; Healy and Burton

2020). After addition of CellTiter-Glo, all samples were then

incubated in the dark for 10min, following manufacturer’s pro-

tocol, to allow luminescence signal to stabilize, and then trans-

ferred to a white half-area plate along with ATP standards.

Luminescence was measured in a Tecan Spark plate reader

(M€annedorf, Switzerland), and an absolute ATP synthesis rate

for each sample was calculated by subtracting initial from final

luminescence values and comparing these to the ATP standard

curve run on the same plate. Sample rates were normalized to

protein content that was obtained from the saved mitochon-

drial aliquot using the NanoOrange Protein Quantitation Kit

(Thermo Fisher, Waltham, WA). After verification that data

were normally distributed (Shapiro–Wilk test: W¼ 0.969,

P¼ 0.603), ATP synthesis rates between fast and slow devel-

opers in each reciprocal cross were compared with t-tests.

Comparison to SD x SC Cross

To more directly compare our observed allele frequency shifts

to the previously studied cross SD�SC (Healy and Burton

2020), we obtained the Z-scores they observed for the com-

parison between fast-developer pools, available from

their supplementary materials, and compared their distribu-

tion to ours, per chromosome. Because the number of SNPs

obtained in each study differed, we downsampled both sets

by randomly sampling 1,000 SNP sites per chromosome in

each data set. Distributions of Z-scores (absolute values)

were then compared with a t-test per chromosome and ad-

justed for multiple comparisons with FDR correction.

Results

Developmental Rate Variation

Pattern of time-to-metamorphosis was similar between the

pure SD and SH larvae. Out of 1,368 and 1,416 phenotyped

individuals in SD and SH, respectively, over 50% reached the

CI stage in 8 or fewer days from hatch date (fig. 1A). The

slowest developers reached CI in 13 days in both populations.

The distribution of rates among F2 larvae was substantially

different than that of parentals, particularly with regards to

the range. In both reciprocal crosses, hybrid breakdown is

reflected by the presence of much slower rates of develop-

ment, with some individuals taking 23 days or more to reach

CI stage (fig. 1B and C). The cross with SD mitochondrial

background (SD$ � SH#) was more strongly affected, with

over 25% of larvae taking longer than 13 days (i.e., beyond

parental range) to reach CI (fig. 1B), whereas only 6% of

larvae in the reciprocal cross were in this slow range

(fig. 1C). In total, 2,097 individuals were phenotyped from

SD$�SH# and 3,093 from SH$� SD#.

For estimating allele frequencies in high- and low-fitness

groups, we pooled �300 fast-developing and �300 slow-

developing copepods within each cross (shading in fig. 1B

and C). Based on the distributions of developmental rates,

fast developers metamorphosed in days 6 and 7 posthatching

in both crosses. Pools of slow developers included individuals

with CI days �12 in SH$�SD# and � 15 in SD$� SH#.

ATP Synthesis Rates

Mitochondrial function was assessed as rates of ATP synthesis

in vitro from organelles isolated from fast- and slow-

developing pools of copepods from each cross. For each de-

velopmental group, we quantified Complex I-fueled ATP syn-

thesis rates in seven replicates in the SD$� SH# cross, and in

six replicates in the SH$� SD# cross. ATP synthesis rates were

on average �60% higher in the fast developers compared

with slow developers in both crosses (SD$ � SH#: t¼ 2.49,

P¼ 0.029; SH$ � SD#: t¼ 2.42, P¼ 0.038; fig. 2).

Sequencing and SNP Calling Summary

A total of 253 million paired-reads were obtained from the

single SH sample and used in the reference-based assembly of

that population’s genome. After equalization, the assemblies

contained �17% gapped regions. Across hybrid pools, 461

million paired-reads were obtained (range: 49–152 million),

and after mapping, average coverage per base pair was 146�
for SD$�SH#-fast, 155� for SD$�SH#-slow, 172� for

SH$�SD#-fast, and 60� for SH$�SD#-slow. At our final

minimum coverage threshold (>80X), the first three pools

above had between 2.2 and 2.7 million SNPs, whereas

SH$�SD#-slow had 146,507 SNP sites. Nevertheless, the

four pools had a total of 106,929 SNP positions in common,

and a mean of 8,910 SNPs per chromosome (range: 6,289–

10,225; table 1), which were used in our main analyses.

Mitonuclear Matching in Hybrid Copepods GBE
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Allele Frequency Deviations

High-fitness (fast-developing) copepods of the reciprocal

crosses exhibited widespread shifts in nuclear allele frequen-

cies across the genome. All chromosomes had multiple SNPs

with significantly different frequencies between the crosses.

Four chromosomes (2, 4, 9, and 10) in both crosses had large

regions which showed shifts in the direction of their respective

mitochondrial background (i.e., mitonuclear match; fig. 3),

and three (5, 8, and 11) with smaller regions showing this

pattern. Chromosome 1 had strong frequency differences,

but only one cross followed a pattern of mitochondrial

matching. A pattern of mitonuclear mismatch (increase in

allele frequency from paternal population) was present, albeit

weakly, in a portion of chromosome 7. Comparisons of allele

frequencies between slow developers also had significant

deviations across large regions of all chromosomes, but pat-

terns varied widely among chromosomes (fig. 4).

Chromosomes 4, 6, and 10 showed strong mitonuclear mis-

matching (i.e., alleles matching mitochondrial background de-

creased in frequency), but matching was observed on

chromosome 1 and weakly on chromosome 11.

The distributions of allele frequency changes among

SD�SH fast developers were compared with the ones quan-

tified for another cross, SD�SC, from Healy and Burton

(2020). Here we compared absolute values of Z-statistics

(1,000 randomly sampled SNPs) from both studies for each

chromosome. Consistent with broad patterns reported for

these crosses, the SD�SC cross had stronger frequency devi-

ations (i.e., higher Z-scores) than SD�SH on chromosomes 2,

3, and 5, whereas SD�SH showed higher deviations on chro-

mosomes 8–11. Chromosomes 1 and 4, which had very sig-

nificant deviations within each study, showed no difference in

distribution of Z-scores between studies (fig. 5).

Genomic Divergence among Populations

We estimated genetic divergence between SD and SH based

on raw percent difference at nuclear and mtDNA gene

sequences. MtDNA protein-coding genes (n¼ 13) ranged

from 11.1% to 35.2%, with highest values occurring in genes

from OXPHOS complex I. Among nuclear genes (n¼ 14,485),

median differentiation was 2.8%, with maximum of 22.8%.

In comparison, nuclear gene sequences between SD and SC

(n¼ 13,704) showed a median and maximum differentiation

of 2.5% and 22.3%, respectively. The overall distributions of

nuclear gene differences are similar, but SD-SH have evolved

higher levels of divergence and in more genes than SD-SC

(Wilcoxon test: W¼ 86,503,875, P< 10�15; fig. 6).

Differences in mtDNA genes are similarly very high, as is com-

mon in this system, but some genes in complex I are nearly

7% more divergent between SD-SH than SD-SC (table 2).

Discussion

Hybridization that produces offspring with reduced fitness,

but that are otherwise still viable and fertile, represents an

early stage of reproductive isolation between the parental

lineages. The importance of incompatibilities between nuclear

and cytoplasmic (chloroplast or mitochondrial) genomes in

generating hybrid breakdown has long been appreciated,

and may occur disproportionately in taxa that lack heteromor-

phic sex chromosomes (Bolnick et al. 2008; Burton et al.

2013; Bar-Yaacov et al. 2015; Sloan et al. 2017; Sunnucks

et al. 2017; Hill et al. 2019). The strength and consequence of

selection on nuclear genomes, as imposed by its coadaptation

FIG. 2.—Rate of ATP synthesis in fast- and slow-developing F2 hybrid

copepods. Developmental rates were quantified as the number of days

from hatching until metamorphosis into copepodid I stage (fast: 6days;

slow: 15þ days). Measurements are of complex I-fueled ATP production in

isolated mitochondria. Rates between fast and slow groups within each

hybrid cross were significantly different (t-tests, P<0.05).

Table 1

Number and Density of SNP Loci Examined in Common across the Four

Pooled Samples (SD$�SH# Fast- and Slow-Developers, and SH$�SD#

Fast- and Slow-Developers)

Chromosome Total SNPs SNPs/Mbp

1 9,915 601

2 8,275 542

3 8,179 552

4 8,241 616

5 9,796 594

6 7,420 486

7 9,518 578

8 10,225 652

9 9,818 621

10 9,997 613

11 9,256 586

12 6,289 348
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to the mitochondrial genome, is still poorly examined, espe-

cially in experimental settings (see Zaidi and Makova 2019 for

an example in admixed populations). In this study, we dem-

onstrate that even after a single generation of recombination,

mitochondrial backgrounds strongly affect the direction of

nuclear allele frequency changes, with high-fitness cohorts

(with fast-development) exhibiting a biased allele frequency

favoring the maternal allele, reciprocally, across small to wide

swaths of seven chromosomes. Conversely, frequency shifts

in the direction of the paternal population were minimal.

Moreover, we found that F2 hybrids differing in developmen-

tal rates also differ in mitochondrial fitness, as measured by

OXPHOS ATP synthesis capacity. This association between

strong mitonuclear matching and these two phenotypes sug-

gests that variation in developmental time to metamorphosis

is at least partially influenced by efficiency of mitochondrial

function. Our findings among low-fitness (slow-developing)

copepod pools revealed less consistent patterns of nuclear

frequency shifts, with mitonuclear mismatch occurring in

only three chromosomes, and others even showing mitonu-

clear match. We argue that together these findings suggest

that maintenance of parental-level developmental rates, as

represented by our pools of fast developers, requires a poly-

genic mechanism of mitonuclear matching. However, disrup-

tion of even only a few coadapted loci may be sufficient for

causing substantial negative effects in this phenotype.

In an effort to provide a comparative framework for learning

about repeatability of mitonuclear coadaptation, we examined a

new cross (SD�SH) but followed a similar experimental protocol

as Healy and Burton (2020), which examined hybrids between

SD and SC. In both crosses, developmental rate and mitochon-

drial ATP output were categorically associated in F2 hybrids,

supporting previous evidence that disruption of mitochondrial

function is likely the ultimate cause of slower-than-parental de-

velopment. As with SD�SC, mitonuclear effects were also clear

and pervasive across the genome of SD�SH hybrids. While allele

frequency changes in the F2 pools (away from 0.5 in the F1) were

numerically low (�0.05–0.15), such shifts are actually a high

proportion of the maximum change expected. Assuming

“lethality” of a homozygous genotype (or in this case, its exclu-

sion from the high-fitness pool), the maximum allele frequency

change is 0.167 in an F2 cohort following an F1�F1 cross. A

major contrast of patterns between these crosses was the iden-

tity of nuclear chromosomes with strongest effects. Although

mitonuclear effects were observed in chromosomes 2, 4, and 5

in both crosses, SD�SH also showed clear involvement of loci in

chromosomes 8, 9, 10, and 11 among fast-developing cope-

pods. These latter chromosomes showed no tendency for mito-

nuclear matching in the SD�SC cross. Altogether, these

comparisons reveal that functional coadaptation among inter-

acting nuclear- and mtDNA-encoded molecules can follow very

distinct evolutionary trajectories in isolated populations, and that

no specific genes or functions are more likely than others to be

affected in contributing to fast-development phenotypes. A

FIG. 3.—Pool-seq analysis of allele frequencies in fast-developing F2

hybrid copepods. (A) Allele frequencies for each reciprocal cross along the

12 autosomes. Each point represents a mean of frequencies across SNPs in

200-kb windows. Legend on right side of panel aids in interpretation of

mitonuclear matching/mismatching; (B) Results of Z-statistics (Huang et al.

2012) comparing allele frequencies between crosses at individual SNP loci

(n¼ 106,929). Red dashed line marks the false-discovery rate (FDR) thresh-

old of 0.01.

FIG. 4.—Pool-seq analysis of allele frequencies in slow-developing F2

hybrid copepods. (A) Allele frequencies for each reciprocal cross along the

12 autosomes. Each point represents a mean of frequencies across SNPs in

200-kb windows. Legend on right side of panel aids in interpretation of

mitonuclear matching/mismatching; (B) Results of Z-statistics (Huang et al.

2012) comparing allele frequencies between crosses at individual SNP loci

(n¼ 106,929). Red dashed line marks the false-discovery rate (FDR) thresh-

old of 0.01.
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recent study in three sets of reciprocal crosses, also using Pool-

seq, similarly found largely different genomic architecture re-

garding mitonuclear coadaptation affecting a different pheno-

type, viability to adulthood (Lima et al. 2019). Such lack of

parallelism is likely the result of natural demographic dynamics

of T. californicus populations. Specifically, the nearly complete

lack of gene flow among populations prevents adaptive

polymorphism from being shared, and the very low effective

population sizes (Pereira et al. 2016) allows drift to push allele

frequencies in very unique trajectories among locations.

Therefore, which nuclear compensatory variants become fa-

vored in a given population depends on the idiosyncrasy of

which mitochondrial haplotypes are segregating.

In addition to mitonuclear effects, epistasis amongst nuclear

genes has also been detected in T. californicus interpopulation

hybrids. Allelic patterns of nuclear-nuclear effects on given phe-

notypes are evidenced by frequency shifts favoring the same

parental population in both reciprocal crosses, because the

interacting alleles can be inherited similarly in both crosses re-

gardless of mtDNA background. Using a QTL approach for vi-

ability to adulthood in SD�SC, Foley et al. (2013) observed

genotypic ratios consistent with nuclear-nuclear effects in

some markers on chromosome 11. Nuclear-nuclear interactions

affecting viability were also detected by Lima et al. (2019) across

three different crosses; here, a total of four chromosomes were

involved, but none overlapped among crosses. Nevertheless,

nuclear-only effects were much weaker and less pervasive

than mitonuclear effects in both of these past studies of viability.

In our study with SD�SH, we detected only a weak signal of

nuclear-nuclear interactions associated with fast development

(on chromosome 3), with frequency deviations along the chro-

mosome often not differing from �0 (fig. 3). A similarly weak

pattern on a single chromosome (8) was found in SD�SC fast

developers (Healy and Burton 2020). The regions with nuclear-

nuclear patterns were substantially weaker than any mitonu-

clear patterns in both crosses. Overall, epistasis between mito-

nuclear components appear to be more important in

T. californicus, but epistasis between nuclear genes also contrib-

ute to some of the patterns observed in hybrids and vary in

FIG. 5.—Comparison of allele frequencies deviations between crosses across chromosomes. Plotted are boxplot distributions of Z-statistics quantifying

the difference in frequencies between fast-developers from reciprocal crosses in SD�SH (this study), and in SD�SC (SC ¼ Santa Cruz, Healy and Burton

2020). Each boxplot comprises Z-statistics of 1,000 randomly sampled SNP loci. P-values are from Wilcoxon tests comparing Z-statistics between crosses, and

underlined chromosomes are those showing significant differences.

FIG. 6.—DNA sequence differentiation between SD and two popula-

tions across nuclear protein-coding genes. SD versus SC has 13,704 gene

alignments, and SD versus SH has 14,485.
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strength depending on interpopulation divergence and pheno-

type measured.

Organellar-nuclear (or cytonuclear) genetic interactions have

received strong experimental support in many systems, and

have been shown to be particularly clear in plant systems,

where chloroplast-nuclear incompatibilities can significantly af-

fect germination and survival (Fishman and Willis 2006;

Barnard-Kubow et al. 2016). Investigating cytonuclear coadap-

tation is particularly attractive because of the greatly reduced set

of possible cellular functions and molecular interactions in-

volved, allowing for more targeted investigation of genetic

mechanisms. In T. californicus, Barreto et al. (2018) annotated

605 nuclear-encoded proteins predicted to function exclusively

within mitochondria. Of these, only 146 participate in cellular

functions that require interaction with mtDNA directly (e.g.,

replication, n¼ 3 proteins; transcription, n¼ 3) or with its

encoded elements (OXPHOS, n¼ 57; ribosomal assembly,

n¼ 67; and protein translation, n¼ 16). Our study joins a few

recent others showing that selective pressure imposed by

mtDNA on the nuclear genome results in complex patterns.

With only one generation of recombination, exacerbated by

the rarity of recombination in T. californicus females (Burton

et al. 1981), our experiment lacks the power to identify smaller

regions within affected chromosomes. The four chromosomes

most clearly showing mitonuclear matching in SD�SH fast

developers (2, 4, 9, and 10) harbor a total of 69 genes encoding

mitochondrial proteins that work across nearly all cellular func-

tions mentioned above (supplementary table S1,

Supplementary Material online), with no function being over-

represented when compared with the remaining 77 genes

(Fisher’s exact test, P> 0.35 for each function). A study using

later-generation or recombinant inbred lines and coarse map-

ping would provide sufficient resolution to further narrow the

set of loci.

While identifying specific interactions may be valuable for

investigations of molecular function and may be more experi-

mentally tractable, we argue that the T. californicus system can

provide excellent opportunities for testing more general hypoth-

eses regarding the repeatability and accumulation of incompat-

ibilities. Studies of mitonuclear coadaptation generally start by

acknowledging nucleotide divergences in mtDNA, regardless of

what processes have contributed to them. Recent physiological

work in T. californicus (Harada et al. 2019), and other systems

(Camus et al. 2017; Greimann et al. 2020), have demonstrated

strong environmental effects on patterns of mtDNA variation.

Integrating these evolutionary processes into studies of mitonu-

clear function will be key in understanding differences in repro-

ductive isolation among populations.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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