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G E N E T I C S

Inheritance of somatic mutations by animal offspring
Kate L. Vasquez Kuntz1†, Sheila A. Kitchen1,2†, Trinity L. Conn1, Samuel A. Vohsen1,  
Andrea N. Chan1, Mark J. A. Vermeij3,4, Christopher Page5,6, Kristen L. Marhaver3, Iliana B. Baums1*

Since 1892, it has been widely assumed that somatic mutations are evolutionarily irrelevant in animals because 
they cannot be inherited by offspring. However, some nonbilaterians segregate the soma and germline late in 
development or never, leaving the evolutionary fate of their somatic mutations unknown. By investigating 
uni- and biparental reproduction in the coral Acropora palmata (Cnidaria, Anthozoa), we found that uniparental, 
meiotic offspring harbored 50% of the 268 somatic mutations present in their parent. Thus, somatic mutations 
accumulated in adult coral animals, entered the germline, and were passed on to swimming larvae that grew 
into healthy juvenile corals. In this way, somatic mutations can increase allelic diversity and facilitate adaptation 
across habitats and generations in animals.

INTRODUCTION
Over an organism’s lifetime, somatic genetic mutations accumulate 
due to environmental damage and errors during cellular processes 
such as DNA replication and repair (1, 2). Somatic mutations gen-
erally occur at higher rates than mutations in the germline (3–5). To 
limit damage from potentially deleterious somatic mutations, animals 
typically avoid passing them on to their offspring (1, 2, 6). Most bila-
terians achieve this by segregating the germline from the soma early 
in development.

In 1892, Weismann first proposed the theory that somatic mu-
tations acquired during an animal’s lifetime are evolutionarily ir-
relevant because they cannot cross the assumed barrier between the 
soma and germline (known as Weismann’s barrier) and thus cannot 
contribute to genetic variation of the next generation (7). Important 
nuances of Weismann’s original proposition have been lost in the 
long history of discourse about this theory (8) and its relevance to 
clonal animals has been questioned (2, 9). In the modern interpreta-
tion of Weismann’s barrier, its existence is regarded as universal 
(7). The timing of germline segregation, however, is variable across 
animals (10, 11). Several animals including sponges, hydrozoans, flat-
worms, polychaetes, sea urchins, and some chordates segregate their 
germline at later stages of development, long after embryogenesis is 
complete (11–18). Some of these taxa maintain multipotent progenitor 
cells throughout their lives; thus, somatic mutations could poten-
tially cross Weismann’s barrier and be transmitted to the next gen-
eration. In this way, somatic mutations could generate adaptive 
alleles that pass through a zygotic unicellular stage, a role that was 
thought to be reserved for germline mutations.

While parental somatic mutations were previously observed in coral 
gametes (19, 20), the technical difficulty of tracking somatic muta-
tions from parents, into gametes, through sexual reproduction, and 
into offspring has prevented researchers from determining whether 

somatic mutations can be passed to viable offspring and thus play a 
role in coral evolution (21, 22). Here, we discover a class of uniparental, 
coral offspring and we leverage this phenomenon to show that 
parental somatic mutations are inherited by healthy coral offspring. 
We also investigate whether somatic mutations can be inherited by 
biparental offspring and find preliminary evidence that this occurs 
as well. Our findings provide strong evidence of somatic mutation 
inheritance. Thus, we solidify the potential role for heritable somat-
ic genetic variation in animal adaptation and evolution.

RESULTS
Spontaneous development of eggs from a large coral genet 
in Curaçao
Scleractinian corals are characterized by modular growth (23), long 
life spans (24), and simultaneous asexual and sexual reproduction. 
The hermaphroditic Caribbean coral Acropora palmata (Lamarck, 1816) 
reproduces sexually by releasing large amounts of gametes during 
annual broadcast spawning events. Eggs are typically fertilized exter-
nally by nonself-sperm. After development, pelagic larvae disperse 
up to hundreds of kilometers away and eventually settle onto the 
benthos (fig. S1A). Through asexual reproduction (polyp budding 
and colony fragmentation), an individual A. palmata juvenile can 
grow into multiple, large coral colonies. Each of these physically sepa-
rate colonies (or “ramets”) belongs to the same original genotype 
(or “genet”). While individual polyps and entire ramets may die for 
a variety of reasons, the genet itself can survive for centuries and grow 
to cover hundreds of square meters (24). As a coral colony grows, 
newly emerged somatic mutations can be passed on to new groups 
of polyps (“modules”) and accumulate through time, leading to ge-
netic mosaicism of the colony and allelic diversity in the genet over-
all (24, 25).

In 2018, we observed the spontaneous development of A. palmata 
eggs that were collected from a single parent colony in Curaçao; this 
occurred after the removal of self-sperm and before the addition of 
nonself-sperm, or immediately after the addition of nonself-sperm 
from Florida (see details in Materials and Methods). Although low 
levels (1 to 2%) of spontaneous development, indicated by cleaving 
eggs, are often seen in no-sperm controls, we observed nearly 100% 
development, indicating the occurrence of either outcrossing (due 
to sperm contamination or colony-level chimerism), self-fertilization 
(due to the breakdown of self-incompatibility), meiotic parthenogenesis, 
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or mitotic (clonal) parthenogenesis. To determine which of these 
mechanisms was responsible for the spontaneous development, we 
investigated whether any sources of nonself-sperm may have con-
taminated the cultures of eggs. Tissue samples of two to three polyps 
were collected from multiple locations across the parent colony (n = 10), 
and one sample was collected from each of five nearest neighbor 
colonies (all within 2.25 m of the parent colony; Fig. 1A), which were 
considered putative parents, i.e., potential sources of contami-
nating sperm.

We genotyped samples at 19,696 single-nucleotide polymorphism 
(SNP) loci via a microarray (26) to determine whether the neigh-
boring colonies represented different genets. However, the parent 
colony and all five of the neighboring colonies belonged to the same 
A. palmata genet. Average pairwise genetic distances between sam-
ples were extremely low, both among the 10 parent colony samples 
(0.0041 ± 0.0017 SD, n = 10) and among all six of the sampled colo-
nies (0.0054 ± 0.0030 SD; Fig. 1B and data S1). In contrast, the average 
Caribbean-wide genetic distance among A. palmata genets is 0.128 ± 
0.025 SD (n = 263 samples; Fig. 1C) (26). These data therefore elimi-
nated both types of outcrossing (nonself-sperm contamination 

from nearby colonies and chimerism of the parent colony itself) as 
likely explanations for the spontaneous development of the eggs 
(see note S1). Furthermore, the low pairwise genetic distances mea-
sured within and between colonies pointed to the existence of 
somatic mutations in the parent coral and neighboring ramets of 
the same genet, which could potentially be identified in the result-
ing offspring.

Identification and mapping of somatic mutations 
in the parent coral and neighboring ramets
To identify somatic mutations, we compared allele calls for all indi-
vidual tissue samples using all loci that had complete data from all 
six colonies (n = 18,110; data S2). For variable loci, minority SNP 
calls (present in ≤7 samples) were classified as somatic mutations 
(n = 268). The number of somatic mutations varied by ramet, rang-
ing from 2 to 149 (table S1). Two hundred four of the mutations 
were unique to one ramet, while six were shared by seven ramets 
(table S2). All somatic mutations were fixed or nearly fixed in each 
DNA sample (because low-frequency mutations are unlikely to be 
detected with the genotyping array; fig. S2 and note S2). A subset of 

Fig. 1. Detection and mapping of somatic mutations across a parent coral colony and five nearest neighbor colonies (ramets) from the same coral genet. 
(A) Sampling map of the parent colony and its five nearest neighbor colonies. Colonies are arranged according to their location on the reef with linear distances between 
colonies indicated next to the arrows. Colored circles indicate the locations of the tissue samples that were genotyped. Individual colonies in the line drawing are enlarged 
to show detail and not drawn to scale. Photo credit: Kate L. Vasquez Kuntz, The Pennsylvania State University. (B) Plot of Prevosti’s pairwise genetic distance within the 
parent colony and between the parent colony and the five neighboring colonies. All genetic distances were smaller than the distance threshold for genet assignment; 
therefore, all six colonies belonged to the same coral genet. (C) Histogram showing the frequency of pairwise genetic distances for 263 A. palmata samples collected from 
across the Caribbean in a previous study. The genet threshold is 0.032 (dashed black line). Average genetic distance was 0.0057 ± 0.0054 among ramets of the same 
genet (blue line, n = 148 ramets from 34 genets). Average genetic distance was 0.128 ± 0.025 among genets that fall above the genet threshold (orange line) [modified 
with permission from Kitchen et al. (26)]. (D) Neighbor-joining trees for all samples taken from the parent colony (B1 to B10) and nearest neighbor colonies (C1 to C5) 
showing all loci analyzed (upper tree, n = 19,696) and only those loci identified as mutations (lower tree, n = 268). Nodal values represent support from 100 bootstrap 
replicates.
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SNP calls was additionally validated via restriction fragment length 
polymorphism (RFLP; see below). A neighbor-joining phylogeny based 
on the genetic distances did not support the existence of a correla-
tion between genetic and physical distance in the distribution of 
variants, either within or among colonies (Fig. 1D).

Of the 268 somatic mutations identified, most mutations (72.01%) 
were transitions and fewer (27.61%) were transversions (data S3). 
Mutations occurred in protein-coding (13.43%) and nonprotein-
coding regions (86.57%, data S4). After detecting somatic mutations 
in the parent genet, we investigated whether any of these mutations 
were inherited by its uniparental offspring, and therefore crossed 
Weismann’s barrier.

Uniparental offspring inherit parent’s somatic mutations
Eggs collected from the parent colony developed either spontaneously 
without addition of nonself-sperm or immediately after the addition 
of sperm from a colony from Florida. These eggs progressed through 
embryogenesis and developed into swimming larvae that success-
fully settled, acquired symbionts, and matured into multipolyp ju-
veniles. After 4 months of propagation, we extracted DNA from 81 
juvenile colonies and randomly chose 41 of these samples to submit 
for SNP analysis (26). Because the juveniles from the no-sperm and 
Florida sperm treatments were reared together in a common pool, 
we used the genetic distance between each offspring and the parent 
genet for cohort assignment. We identified 11 offspring of biparental 
origin, i.e., offspring from the parent colony and the nonself-sperm 
from Florida. These offspring had genetic distances comparable to 
an outcross of two parent colonies from Curaçao (27). In contrast, 
the remaining 30 offspring had genetic distances 2.6× lower than 
those of biparental origin (0.0361 ± 0.0064, n = 30; fig. S3A and 
data S1), indicating that they were derived from the one parent 
colony as a result of either self-fertilization or parthenogenesis. The 
fact that these larvae were uniparental in origin, as well as the high 
fidelity of microarray-based genotyping, eliminated many of the tech-
nical barriers, such as deciphering both parental mutations and non-
Mendelian inheritance patterns, that would otherwise prevent the 
successful tracking of somatic mutations from parent to gamete to 
offspring. Thus, we next investigated whether these uniparental 
offspring had inherited the somatic mutations present in the parent  
colony.

Of the 268 parental somatic mutations, 50% (n = 134) were in-
herited by at least one offspring and each offspring harbored between 
11 and 50 of these mutations (table S1). We also detected 2331 
mutations unique to the offspring only (data S5). Loci of inherited 
somatic mutations most often changed from a homozygous to a 
heterozygous state [n = 86, gain of heterozygosity (GOH)]. More 
rarely, loci changed from a heterozygous to a homozygous state 
[n = 47, loss of heterozygosity (LOH)], and one locus changed from 
homozygous allele A/A to homozygous allele C/C (Fig. 2A and 
data S3). While 94% of parental LOH mutations were inherited by 
at least one offspring, only 39.6% of the GOH mutations were in-
herited (Fig. 2A).

Because the tissue samples contained a mixture of cell types, we 
determined whether the detected somatic mutations were a product 
of underlying cell mosaicism or copy number variations (CNVs) at 
the genome level. Two common metrics for detecting ploidy differ-
ences and cell mosaicism were calculated: (i) B allele frequency (total 
allelic intensities) and (ii) log R ratio (relative allelic intensities) (28). 
B allele frequencies revealed that five GOH mutations were found 

in at least one parent sample with values near 0.5 (heterozygous) 
(Fig. 2B). Two of those mutations were also found in the offspring 
(mutations AX-212313644 and AX-197954877). Combining these 
findings, we estimated that 61% (n = 82) of inherited somatic muta-
tions in these diploid offspring had two copies, while 39% (n = 52) 
of inherited somatic mutations had some level of mosaicism (figs. 
S4 and S5, data S6 and S7, and note S3).

We validated the somatic mutations that were first detected via 
the genotyping array by designing RFLP markers for 10 of the loci 
(data S8 and note S4). Of these loci, we verified that two GOH mu-
tations in the offspring were identical to a heterozygous mutation in 
colony 3 at loci AX-212313644 and AX-212294854 (Fig. 2C and fig. S6). 
Both loci occur in noncoding regions. Locus AX-212313644 is found 
within the intron of the dynein heavy chain 3 (LOC107347526) (Fig. 2D), 
and locus AX-212294854 is found upstream of the uncharacterized 
gene LOC107346921.

The remaining 8 loci could not be validated using RFLP (8 of 10), 
suggesting that a subset of the predicted somatic mutations was 
incorrectly genotyped. These false positives could be attributed to 
biological variation (i.e., null alleles and copy number variants), 
sample preservation or preparation artifacts (26), or instrument error 
(29). However, this false-positive rate should not be extrapolated to 
be the overall genotyping error rate; loci were not chosen randomly 
for validation because there were limited restriction enzyme cut sites 
available to test SNP combinations using RFLP. Previous work iden-
tified an array mistyping rate of ≤0.5% (26), a rate that falls within 
the range of other array-based studies (30, 31) and that is equivalent 
to less than half the number of somatic mutations predicted in this 
study (268 of 19,696, or approximately 1.4%). In sum, using an 
independent method, we confirmed that a subset of somatic muta-
tions in the parent were shared in uniparental offspring, and this 
signal remained clear against the known error rates of the geno-
typing array.

Alternative reproductive pathways in corals: Uniparental, 
meiotic offspring
We next used genetic distances, recombination rates, and heterozy-
gosity estimates to determine whether the 30 uniparental coral off-
spring identified above were the result of colony-level selfing (i.e., 
the union of eggs and sperm from the same genet) or whether they 
were formed through parthenogenesis (i.e., the production of 
diploid eggs via either meiosis or mitosis; fig. S1). The evolutionary 
dynamics of inherited somatic mutations will change depending on 
whether the mutations are transmitted through mitotic or meiotic 
processes. Mitotic transmission involves no chromosomal recombi-
nation and thus preserves the parental genetic arrangement, producing 
clonal offspring, whereas meiotic transmission (via selfing or meiotic 
parthenogenesis) involves chromosomal recombination and thus 
moves parental somatic mutations into new genetic backgrounds 
(fig. S1B) (32). Such recombination uncouples beneficial from dele-
terious mutations faster than reproduction without recombination, 
slowing Muller’s ratchet (33, 34). Parthenogenetic individuals can 
share between 50 and 100% of the heterozygous loci with their parent 
(32), but the total number of recombination events present in an 
offspring depends on whether they were produced through mitotic 
parthenogenesis, meiotic parthenogenesis, or another uniparental 
process such as self-fertilization (fig. S1B).

We concluded that all 30 of the uniparental offspring were of 
meiotic origin because (i) the genetic distances between parent and 
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offspring samples were larger than the genetic distances among sam-
ples of the parent genet [one-way analysis of variance (ANOVA) 
Tukey post hoc P < 0.001; fig. S3A and data S2] and (ii) numerous 
recombination events had occurred between the parent and each off-
spring (fig. S3C). However, because the heterozygosity of the offspring 
was significantly lower (7.1 to 11.5%) than in the parent genet and 
in A. palmata genets from across the Caribbean (12.8 to 17.3%; one-
way ANOVA Tukey post hoc P < 0.0001; fig. S3B and table S1), it 
was apparent that they originated via self-fertilization or meiotic 
parthenogenesis and not via outcrossing. For 28 offspring (93%), the 
mean number of inferred recombination events [mean = 50.67 ± 
12.20 (SD)] was consistent with the union of two recombinant pa-
rental haplotypes through self-fertilization (fig. S1B). The remain-
ing two uniparental offspring differed from this pattern. Smaller 

genetic distances to the parent genet than the self-fertilization 
cohort (fig. S3A) and a small number of inferred recombination 
events (n = 19 and 22; fig. S3C) suggest that these two individuals 
were derived from meiotic parthenogenesis, through either restitu-
tional meiosis where anaphase II is skipped or terminal fusion of 
chromosomes after meiosis (fig. S1B) (31).

Inheritance of somatic mutations is not limited 
to uniparental offspring
To determine whether the somatic mutations in the parent coral 
colony from Curaçao could only be inherited by uniparental offspring, 
we investigated the allele combinations of 11 biparental offspring 
stemming from the cross between the parent colony in Curaçao and 
a Florida colony whose sperm had been cryopreserved (27). Given 
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Fig. 2. Characterization and validation of parental somatic mutations inherited by uniparental coral offspring. (A) Bar plot showing the number of total mutations 
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numbered LOH mutations, but a greater proportion of LOH mutations were inherited by offspring. (B) Plots of two metrics used to investigate somatic mutations: BAF 
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Blue and black symbols represent specific mutations. Black shapes: not inherited; blue shapes: inherited. Above each plot, adult coral colonies are labeled as in Fig. 1A and 
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(square) is found on the same scaffold. Symbols represent the five mutations detected along this scaffold in at least one sample in (B). Filled shapes, A allele; open shapes, 
B allele. Arrows denote inheritance and crosses denote lack of inheritance. Offspring 144 was parthenogenetic (denoted by an asterisk).
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the ancestral alleles of both the egg donor (Curaçao colony) and sperm 
donor (Florida colony) (data S9), we identified that all offspring had 
allele combinations that deviated from the expected proportion of 
alleles based on Mendelian inheritance. Of the 268 somatic muta-
tions identified in the Curaçao genet, we found 41 (15.3%) that were 
potentially inherited by the biparental offspring (Fig. 3). Most of the 
remaining loci followed the predictions of Mendelian inheritance 
(73.5%), while a subset of 30 loci (11.1%) had allele proportions that 
did not match a pattern of Mendelian inheritance or the inheritance 
of somatic mutations (Fig. 3). These alleles could have arisen from 
other sources such as germline mutations, postembryonic mutations, 
or technical artifacts. While the exact source of these mutations is 
unknown, germline mutations found exclusively in coral sperm from 
Acropora hyacinthus made up 8.5% of all identified mutations (19), 
in line with our findings here. Future work is required to confirm 
somatic mutation inheritance by biparental offspring as estimated in 
our analysis.

Supporting these observations from Curaçao, using samples col-
lected in 2017 in Florida (at the other end of the species’ range), we 
also detected the transmission of parental somatic mutations into both 
uniparental and biparental offspring (see fig. S7, data S10, and note 
S5). In sum, we show that the coral A. palmata can produce uniparental, 
healthy offspring containing parental somatic mutations. These 
mutations emerged during the parent colony’s adulthood and were 
passed through meiosis into the germ cells and subsequently into 
the offspring.

DISCUSSION
By investigating uniparental and biparental, meiotic offspring from 
the coral A. palmata, we show that somatic mutations at multiple 
loci, which were acquired over the lifetime of a parent animal, can 
be inherited by its offspring (Figs. 1 and 2 and fig. S7). These find-
ings were reproducible across two spawning years and in two loca-
tions at opposite ends of the species’ range (note S5). Because coral 
genets can persist for hundreds to thousands of years, somatic 
mutations can rise to high frequency in modules (polyps) of a genet 
due to stochasticity or selection (35, 36). Strongly deleterious or lethal 
mutations might lead to module or colony death, but not genet death, 

and can thus be removed from the genet’s gene pool while preserving 
the genet itself. Meanwhile, neutral and beneficial somatic mutations 
can accumulate in tissues, spread to new modules via polyp budding, 
and be dispersed over small spatial scales through colony fragmen-
tation [ca. 70 m, (37)]. After these mutations are inherited by offspring, 
fitness variance is redistributed from the realm of within-colony to 
between-organism selection. Furthermore, these somatic mutations 
have the potential to disperse over much longer distances [hundreds 
of kilometers, (38)] by pelagic coral larvae that have inherited the 
mutations. Thus, the discovery of heritable somatic mutations in 
coral offspring represents a previously unconfirmed source for coral 
adaptation and evolution.

The mechanism by which adult A. palmata transmit somatic 
mutations to offspring remains to be found (Fig. 4). Mutations may 
have originated in the soma, dedifferentiated into stem cells, and then 
redifferentiated into germ cells, or somatic cells may have trans-
differentiated directly into germ cells (39). Stem cells have not yet 
been identified in corals; however, the regenerative properties of 
anthozoans (40, 41) and the identification of progenitor/undifferentiated 
cells with stem cell characteristics in a sea anemone (42) and in coral 
cell lines (43) both point to their existence (19, 35). In any case, the 
mutations identified and tracked in this study must have occurred 
after embryogenesis of the primary polyp that founded the genet 
was complete because the mutations were not shared among all polyps 
of the adult parent genet or all ramets of the genet. This implies that 
multipotent progenitor or stem-like cells are not moving freely through-
out a colony, setting up competition among cells of different stem 
cell lineages.

Immediately after a somatic cell mutates, it undergoes competi-
tion with nonmutated cells in a process called developmental selection 
(36, 44–46). This “struggle of the parts,” as described by Wilhelm 
Roux in 1881 and later recognized by Weismann as “intraorganismal 
selection,” is distinct from germline selection (47, 48) and can occur 
at the molecular, chromosome, or cellular level. Propagation of the 
somatic mutation then depends on either successfully outcompeting 
or coexisting with other somatic lineages during cell growth and pro-
liferation (21, 49). Beneficial (or neutral) mutations that survive develop-
mental selection can therefore be disproportionately represented in 
the cells of a genet (50), an advantage that germline mutations do 
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Fig. 3. Evidence for the inheritance of parental somatic mutations by biparental coral offspring. Biparental offspring resulted from a cross between the focal 
A. palmata parent colony in Curaçao and a Florida colony whose sperm had been cryopreserved (27). Previously identified somatic mutations at 268 loci in the Curaçao 
parent were tracked into 11 outcrossed biparental offspring that were identified during genotyping (n = 11). Most loci matched the expectations of Mendelian inheritance 
for the Curaçao ancestral allele [(A), 73.5%]. At the remaining loci, offspring either putatively inherited the Curaçao mutant allele [(B), 15.3%] or exhibited unexpected 
inheritance patterns inconsistent with the Curaçao ancestral or mutant allele [(C), 11.1%]. For example, at locus AX-212300259, one offspring had an unexpected mutant 
AA genotype, while the parent from Florida did not have an A allele to contribute. These unexpected alleles in the offspring may have resulted from technical errors (26) 
or represent de novo (germline) mutations (19, 35). n/a, no mutant allele detected.
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not have. Somatic mutations with beneficial fitness effects in clonal 
organisms may be more common than previously thought (51, 52) 
and may allow ramets to withstand environmental fluctuations. Here, 
we show that gametes carrying somatic mutations survive to form 
healthy juvenile corals.

A high percentage of the coral offspring analyzed here were uni-
parental (73%) compared to previous studies [~1 to 10% uniparental 
offspring; (53, 54)]. While this is not common in animals nor is it 
typical for most broadcast spawning corals, uniparental reproduc-
tion is common in plants. Plant species frequently switch from 
biparental to uniparental reproduction when sexual partners are 
scarce, e.g., at the edges of the species range, when introduced to 
new habitats, or after large-scale disturbances (55, 56). Hence, like 
plants, corals may rely on the generation of uniparental larvae to persist 
during times when sexual partners are rare. Within-genet selection 
before gametogenesis may effectively purge lethal recessive mutations 
that would otherwise be exposed to selection only during mating 
between genets and so reduce the cost of selfing/uniparental inher-
itance (36, 57). Thus, the production of uniparental offspring that 
harbor parental somatic mutations might help buffer against the 
losses of genetic diversity and consequences of inbreeding (56) 
that would otherwise occur in uniparental mating, i.e., as a result of 
self-fertilization (32).

Modular species are found in multiple groups (e.g., multicellular 
algae, fungi, and animals) across the eukaryotic tree of life (21), and 
a small number of researchers have suggested that somatically generated 
variation should be considered to understand evolution in these taxa 
(36, 58). However, the common assumption that Weismann’s barri-
er is universal in animals (7) has led biologists to disregard somatic mu-
tations as a potentially important source of new genetic variation to 
shape animal evolution. Our demonstration of transgenerational 
inheritance of acquired genetic variation challenges this long-held 

assumption. Like many other modular, long-lived marine inverte-
brates, terrestrial plants, and even seagrasses, coral genets experience 
substantial environmental pressures over their long life spans, and 
somatic mutations may play a major role in their adaptation to these 
changes (21, 59). Our findings further illustrate the narrowing dif-
ferences known to exist in the evolutionary dynamics characterizing 
plants and nonbilaterian animal groups such as corals.

MATERIALS AND METHODS
Curaçao spawning collection and DNA extraction
Gametes were collected from a subset of A. palmata colonies from 
Spanish Water reef (latitude, 12.0636°N; longitude, 68.8532°W) in Curaçao 
on 2 September 2018, seven nights after the full moon. Eggs and sperm 
were separated in preparation for fertilization by pooled, cryopreserved 
sperm from Curaçao or Florida. However, for one egg donor colony, 
eggs in the no-sperm controls underwent cell division despite only 
being exposed to self-sperm during handling. These offspring were 
putatively designated as uniparental in origin. In addition, in sepa-
rate experimental crosses with the same egg donor, cleavage began 
within minutes of exposure to nonself-sperm from Curaçao or Florida. 
Because primary cleavage typically begins 60 to 90 minutes after fer-
tilization in A. palmata, we suspected that most of the eggs displaying 
cleavage within minutes of the addition of nonself-sperm were also 
likely to be uniparental in origin, while a smaller fraction may have 
been ultimately fertilized by the added nonself-sperm from Curaçao 
or Florida. Despite efforts to rinse sperm more quickly from eggs 
after spawning on two subsequent nights, eggs from this donor colony 
continued to display apparent self-fertilization. This was followed by 
normal larval development and normal larval swimming behaviors. 
Thus, cohorts from all three spawning nights were presumed to include 
uniparental offspring. Larvae were reared in containers of filtered 
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Fig. 4. Modes of inheritance of genetic mutations in animals. (1) If animals differentiate and segregate germline cells (light blue) from somatic cells (light orange) 
early in development, then only germline mutations (medium blue) can be inherited by offspring (1). (2) Planarians, sponges, and some cnidarians continuously segregate 
a germline and somatic tissue from a population of stem cells (brown) as they grow, allowing for an accumulation of mutations that are heritable (11). (3) Cnidarian so-
matic cells may de- or transdifferentiate into germline cells, passing on mutations that are somatic in origin (dark blue) (14). The cellular source (soma, germ, or stem) for 
polyp growth is an active area of research. (4) Somatic mutations (dark orange) may rise to fixation in new modules (polyps) through budding from a limited number of 
soma cells. Lightning bolts represent mutation-causing events. Figure modified with permission from Reusch et al. (21).
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seawater (FSW) (spun polypropylene filters, 0.5 m) and then 
shipped to Mote Marine Laboratory in Florida for settlement, grow 
out, and further study. At 4 months after fertilization, tissue samples 
from 81 offspring were preserved in 96% ethanol and shipped to 
Pennsylvania State University for genetic marker analysis. The coral 
colony that produced the putative uniparental offspring was sampled 
in five locations along two of its branches (n = 10 samples total). In 
addition, one sample was taken from each of the five nearest neigh-
boring colonies (n = 5; Fig. 1A). These 15 samples were also pre-
served in 96% ethanol for genetic marker analysis. To collect tissue 
from the adult colonies, whole polyps including skeletal material 
were sampled. These adult colonies had spawned gametes the previ-
ous night, and thus, tissue samples contained mostly somatic tissue 
and few, if any, gametes (fig. S3A). We extracted genomic DNA from 
41 offspring and 15 parent samples using the DNeasy kit (Qiagen, 
USA) following the manufacturer’s protocol with slight modifica-
tions optimized for corals (doi: 10.17504/protocols.io.bgjqjumw).

Genotyping genomic DNA mixtures of two Curaçao genets 
as mock chimeras
We tested whether the SNP microarray could detect the presence of 
DNA from two closely related genets in one sample, simulating a 
chimera from colony fusion (60). Two tissue samples from two re-
lated Curaçao genets, genet A and genet B, were selected (fig. S3). 
The pairwise genetic distance between genet A and genet B is 0.0709 
based on SNP analysis; this value is near the upper end of the SD for 
full siblings (average 0.0642 ± 0.0068 SD) (26). Neither genet by itself 
was known to be a chimera (based on genotyping of five micro-
satellite loci; for details, see the “Florida larval DNA extraction and 
microsatellite analysis” section below). Two genomic DNA mixtures 
were created: one with a proportion of 85:15 of genet A:genet B and 
one with a proportion of 58:42 of genet A:genet B. These proportions 
were calculated on the basis of measurements of the DNA concen-
tration of each sample using Picogreen (Molecular Probes, OR).

SNP analysis and detection of somatic mutations
Offspring and parent samples were genotyped along with biparental 
offspring from a Curaçao outcross (27) and genomic DNA mixtures 
using an Affymetrix genotyping array (26) and analyzed using a 
standardized workflow [https://coralsnp.science.psu.edu/galaxy/, (26)]. 
A total of 19,696 genotyping loci were exported for downstream 
analyses using the vcfR package in R (61). Genotype calls were converted 
into “0/0,” “0/1,” or “1/1.” A call of 0/0 was homozygous for allele A 
at that locus, a call of 1/1 was homozygous for allele B at that locus, 
and a call of 0/1 meant that the sample was A/B heterozygous at that 
locus. Missing data were denoted as “NA,” and heterozygosity for 
each sample was calculated as the number of probes with NA or 0/1 
calls out of all probes divided by the total number of probes (62). 
Differences in percent heterozygosity were tested using a one-way 
ANOVA followed by a Tukey post hoc test (see table S1). Prevosti’s 
genetic distance was calculated using the bitwise function in poppr 
(62, 63). Differences in the mean pairwise genetic distances were 
tested with a one-way ANOVA followed by a Tukey post hoc test. 
Genetic distances were used to construct one neighbor-joining tree 
of all loci (n = 19,696) and a second tree including only the subset of 
loci with identified somatic mutations (n = 268). Phylogenetic 
inference was performed with the aboot function in R package poppr 
(62) with 100 bootstrap replicates. To infer parental haplotype blocks 
and recombination events, the genotype data from the uniparental 

offsprings were phased using the bmh and recombination functions 
in the hsphase R package (64) and plotted with ComplexHeatmap (65).

Somatic mutations in the parent colony (n = 10 samples) and 
neighboring colonies (n = 5 samples) were tallied for each locus 
across samples. Based on our prediction that the ancestral allele 
should be more frequent than the mutated or alternate allele, alleles 
were designated as ancestral if eight or more samples shared the 
allele (table S2). Parental mutant alleles were similarly tallied in the 
uniparental and biparental offspring following Mendelian inheri-
tance in the latter group. The B allele frequency and log R ratio were 
calculated using the “affy2vcf” bcftools plugin (https://github.com/
freeseek/gtc2vcf) as part of the standard genotyping workflow. CNVs 
were called separately for the parents and offspring using the CGHcall 
R package (66). The log R ratios were median-normalized, segmented, 
and fit to a five-class model (double deletion, hemizygous deletion, 
normal, gain three to four copies, and amplification). The probability 
of a CNV gain or loss that exceeded 0.5 for each sample and each 
locus was counted as a CNV from the in silico predictions. For pre-
dicted somatic mutations, each log R plot was also visually inspected 
for CNVs (data S6 and S7). Chi-square tests were used to assess the 
differences in the proportion of CNVs for parent and offspring and 
the mutant loci. Genomic location and predicted effect of the muta-
tions were found with snpEff v4.3 (67) using the Acropora digitifera 
genome assembly (68).

To test the detection limits of the genotyping array platform when 
two genotypes are combined, either through contamination or chi-
merism, we mixed DNA of two donor genets (genet A and genet B 
from Curaçao) and compared genotyping results of the mixtures to 
results from pure DNA extracts of each genet. The DNA mixtures 
were composed of 85:15 genet A:genet B (M1) and 58:42 genet 
A:genet B (M2). The relationship between the DNA mixtures and 
the two pure “donor” DNA extracts was analyzed first by calculating 
Prevosti’s genetic distance (62, 63). Missing data and heterozygosity 
were also calculated for all samples as described above. First, the 
dataset was filtered to homozygous loci that differed in the two donor 
genets (e.g., genet A = AA and genet B = BB). Then, the percentage 
of genotype calls that matched either of the donor genets, the per-
centage that was heterozygous, and the percentage that was missing 
were calculated for each mixture.

Within Axiom Analysis Suite (Thermo Fisher Scientific, USA), 
mean nucleotide signal intensities were calculated separately for each 
group (DNA mixtures, donor genets, parent and neighbor ramets, 
and offspring) to determine whether signal varied for the DNA 
mixtures compared to the single DNA samples. The signal intensi-
ties for each nucleotide were subjected to a one-way ANOVA with 
a Tukey post hoc test between the DNA mixtures, donor genets, 
parent and neighbor ramets, and offspring.

RFLP validation of somatic mutations
Of the 134 mutations shared by the parental genet and uniparental 
offspring, 28 were screened for restriction enzyme cut sites. Primers 
were designed using Primer 3 (69) on the basis of 500 base pairs (bp) 
of flanking sequence around the SNP extracted with the bedtools 
getfasta utility v2.27.1 (70) from the A. digitifera genome (68). 
Restriction enzyme cut sites were identified in 19 of the 28 variant 
mutations, but only 10 were tested for validation (data S8). SNP-
containing regions were amplified by polymerase chain reaction 
(PCR) in a 10-l reaction volume containing water, 1× NH4 buffer 
(Bioline, Boston, MA), 3 mM MgCl (Bioline, Boston, MA), 1 mM 
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deoxynucleotide triphosphate (dNTP) (Bioline, Boston, MA), 250 nmol 
of forward and reverse primers (IDT, Coralville, Iowa), 1 U of Biolase 
Taq (Bioline, Boston, MA), and 1 l of template DNA. PCR products 
were then denatured at 94°C for 5 minutes (min), 35 cycles of PCR 
were performed [94°C for 20 seconds (s), 55.2°C for 20 s, and 72°C 
for 30 s], and PCR products were held for a final extension at 72°C 
for 30 min. PCR products were then directly digested by the re-
spective restriction enzyme (listed in data S8) in a 10-l reaction 
volume containing 5 l of PCR product, 1× CutSmart buffer, 5 U of 
enzyme, and water to volume. Digests were incubated at their re-
spective temperatures following the manufacturer’s protocols. PCR 
and digest products were visualized using electrophoresis on a 2% 
tris-EDTA (TE) agarose gel.

Florida spawning collection and crosses 
from known mutants
A. palmata colonies with known mutations at microsatellite loci 
were analyzed as described by Baums et al. (37). Gamete bundles 
were collected on 11 August 2017, from two reefs in the Florida 
Keys: Sand Island Reef (SIR; 25.0179°N, 80.368617°W) and Elbow 
Reef (ELR; 25.15185°N, 80.2497°W). At SIR, we collected gametes 
from two colonies known as SIR “Blue Mutant” and SIR “Orange.” 
At ELR, gametes were collected from one colony known as ELR 
“Green Mutant.” The first cross was between SIR Blue Mutant and 
SIR Orange, and the second cross was between SIR Blue Mutant 
and ELR Green Mutant. For each cross, we combined 1 ml of eggs 
(ca. 3000 to 5000 eggs) and 1 ml of sperm (ca. concentration 106 cells/ml) 
from each parent and waited 1.5 hours to allow fertilization to take 
place. Following fertilization, zygotes were rinsed two times with 0.2 m 
FSW and placed in a 1-liter container with FSW to develop over-
night. For each parent, eggs and sperm from the same colony were 
also combined in selfing controls. Three samples of 20 to 100 eggs/
embryos from each cross were collected at 6 to 8 hours after fertiliza-
tion and preserved in a 4% formaldehyde/4% glutaraldehyde solu-
tion in 1× phosphate-buffered saline to score fertilization. Fertilization 
rate was calculated as the ratio of coral embryos in the prawn-chip 
stage (irregularly shaped cellular bilayer) over the total number of 
eggs and embryos in the tube. After 1.5 hours, no dividing embryos 
were observed in the selfing controls for either SIR Blue Mutant or 
SIR Orange, while ELR Green Mutant did self, with a self-fertilization 
rate of 0.64% ± 0.34% on the first night and 32.06% ± 6.99% on the 
second night. Water was changed twice per day until larvae began 
to swim at the end of the third day. At 96 hours after fertilization, 
swimming larvae from each cross (SIR Blue Mutant × SIR Orange 
n = 300; SIR Blue Mutant × ELR Green Mutant n = 200) were 
preserved individually in 96% nondenatured ethanol and stored at 
−20°C until shipment.

Florida larval DNA extraction and microsatellite analysis
DNA was extracted from 95 larvae from each of the two crosses. 
The larvae were rinsed once with fresh 96% ethanol to remove debris. 
Then, the ethanol was replaced with 20 l of 5% Chelex solution and 
2 l of proteinase K (20 mg/ml). Samples were vortexed for 2 s, 
digested overnight at 55°C, heated to 95°C for 15 min, and then 
cooled to 4°C.

PCR-amplified microsatellite markers were multiplexed as pre-
viously described (37). Microsatellite markers were amplified by PCR 
in a 10-l reaction volume containing 1× Promega Reaction Buffer, 
25 mM MgCl, 10 mM dNTP, 5 M primer, 1 U of GoTaq Flexi DNA 

Polymerase (Promega, WI, USA), and 1 l of DNA template. Each 
PCR mixture was denatured at 94°C for 5 min followed by 35 cycles 
of 94°C for 20 s, 54°C for 20 s, and 72°C for 30 s. Samples were held 
at 72°C for 30 min for a final extension. Samples were checked for 
successful sequence amplification by running 4 l of PCR product 
on a 2% TE agarose gel. Once amplification was verified, samples 
were sent to the Genomics Core Facility at Pennsylvania State Uni-
versity for fragment analysis on the Applied Biosystems 3730XL DNA 
analyzer. Allele sizes were called independently by two researchers 
for each microsatellite locus using Genemapper 5.0 software (Thermo 
Fisher Scientific). In A. palmata, somatic mutations often manifest 
as additional alleles in microsatellite chromatographs. The mutant 
allele is most often one repeat size larger or smaller than the ances-
tral allele of that genet (24). The ancestral allele is established by 
comparing at least five samples from a genet and determining the 
majority allele. Through this analysis, SIR Blue Mutant had a third 
allele at microsatellite locus 166 that the ancestral SIR Blue genet 
did not have (24) while sharing all other alleles across loci with the 
ancestral genet. The ELR Green Mutant had a third allele at micro-
satellite locus 192 that the ancestral ELR Green genet did not have. 
Somatic mutations were not detected in SIR Orange at any of the five 
microsatellite loci and inheritance of somatic mutations was not de-
tected in the SIR Blue Mutant × SIR Orange cross.

SUPPLEMENTARY MATERIALS:
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn0707
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