The Syngameon Enigma | Encyclopedia.pub

The Syngameon Enigma
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When a group of three or more species are connected by hybridization, they form a syngameon.

syngameon hybridization multispecies

| 1. Introduction

Interspecies hybridization is relatively common across taxa, with occurrence estimates of 25% in plants and 10% in
animals 1, and is thought to be the cause of several major speciation events 28, When a group of otherwise
distinct species are connected by hybridization, they form a syngameon, a copulative community !, The discovery
of the first natural syngameon in birch trees by Gunnarsson and the multidirectional hybridization of cultivated
Saxifraga by Lloyd (in [4)) sparked the first serious investigations into hybridization itself, which continue to this day.
From its inception, the word syngameon was used to collectively describe “a large number of different individuals
[from different species], which are all apparently able to produce fertile offspring with one another; one very large
pairing-community, one syngameon” . However, shortly thereafter, Du Rietz 2! used the term to describe a
polymorphic hybrid collective in which “species have got more or less lost”, precipitating an idea that syngameons
were just a collection of taxonomic misfits unable to be classified. Later, other authors such as Cuenot B Grant [,
and Beaudry & reclaimed the word to mean “species linked by frequent or occasional hybridization, a hybridizing
group of species”. Out of this definition was born the ecological species concept, which allowed for gene flow but
separated species by their adaptations to particular niches, in an attempt to explain oak differentiation under gene
flow. The now well-known oak syngameon was alternatively named a “multispecies” by Van Valen &, Templeton 29
began a pattern of syngameon misinterpretation when he conflated the term with a hybridizing pair, the aftermath
of which can be seen in recent hybridization papers that use syngameon to describe any two species that hybridize
(e.g., [LLIL2U3N14] - According to Boecklen 221 a syngameon is produced when a group of closely related species
forms a complex set of hybrid combinations. The researchers recommend this use of syngameon to define a
breeding system with a three or more multispecies network. The minimum number of three participating species is
important in this context as it distinguishes the commonly studied hybridizing species pairs from a more complex
and possibly synergistic interacting multispecies system 81, |t is important to note that the current definition does
not distinguish between fertile and sterile hybrids, or diploid and polyploid systems, both of which could have
varying impacts on the structure of the syngameon. However, the term seems to be restricted to naturally occurring

hybrids, whereas the term coenospecies would refer to artificial hybrids (Glossary) 7.

| 2. How Do Syngameons Form and Collapse?
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2.1. The Origin of Syngameons

For hybridization to occur, species must overcome any existing barriers to gene flow, which include pre- and
postzygotic reproductive isolating mechanisms. Prezygotic barriers can consist of temporal, geographic,
mechanical, behavioral, and genetic mechanisms, while postzygotic barriers can consist of hybrid sterility, hybrid
inviability, and F2 breakdown [& While not always initially present, some of these barriers can form after the
secondary contact of two lineages to prevent further hybridization and reinforce species boundaries 12,
Conversely, the initial lack of reproductive isolating mechanisms or the failure of reinforcement (Glossary) can lead
to stable hybrid zones. Despite the numerous obstacles faced, hybridization is not rare W29 So why, then, are
syngameons so rarely reported? After all, syngameons are just hybridization events between three or more
species. What makes adding this third species interaction so difficult? The answer may lie in how syngameons

form and collapse.

2.2. The Birth and Death Hypotheses

2.2.1. The Rapid Radiation Hypothesis

The rapid radiation hypothesis [21[221 postulates that rapid radiations, or in other words, relatively quick and
numerous speciation events, allowed for the repeated origins of hybrid lineages. Syngameons are able to form
among the newly radiated species because reproductive isolating mechanisms have yet to develop (Figure 1). In
turn, this gene flow can act as a catalyst for additional radiation by replenishing standing genetic variation, aiding in
the consumption of unexploited resources and occupation of new niches [23. Further, these hybrid lineages could
speciate themselves, becoming hybrid species; however, this often requires the formation of reproductive barriers,
which would exclude the newly formed species from the syngameon. Seehausen 22 used Heliconius butterflies to
exemplify syngameons providing new adaptive traits and promoting ecological diversification. Using kiwifruit as an
example, Liu 24 showed how syngameons developed during early radiation but later collapsed as species
diversified into new ecological opportunities to reduce contact and competition (but see, ref. [24l). The classic
examples of radiations, including Heliconius butterflies (231261 Darwin’s finches 2281 and African cichlid fish 22,
showed a similar pattern as species numbers rose and underutilized resources became scarce, stabilizing
selection occurred and species began to accumulate genomic incompatibilities 221, While the concepts behind the
hypothesis remain valid, it is difficult to prove if ancient syngameons formed during radiation events, as many
participating species may have since gone extinct and the rapid timeline of diversification would make a transient
hybridization event hard to detect. Current simplified methods to detect ancient hybridization (e.g., ABBA-BABA)
can fail to distinguish population structure from actual introgression when population sizes are large 2%, as could
happen in syngameons and rapid radiations. However, with improving molecular and coalescent techniques, ghost

lineages and ancient introgression events are becoming easier to trace 311321[33],
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Figure 1. Rapid radiation hypothesis showing a lineage (blue horizontal line) colonizing a new environment (black
vertical line), which eventually triggers a rapid radiation event. Speciation is followed by gene flow events (red
dashed lines) which form a syngameon. The eventual collapse of the syngameon occurs when reproductive
isolating barriers form among species, usually after the colonization of new environments, leaving two or no
species with interspecific gene flow. Several potential outcomes are shown including hybrid speciation (plus

symbol), extinction (asterisk), and fusion (bowtie symbol). RIM = reproductive isolation mechanism.

2.2.2. Surfing Syngameon Hypothesis

Rather than rapid radiation events causing syngameons, the surfing syngameon hypothesis [24l34 syggests
syngameons that form during island colonization events can both cause and prevent rapid radiations. Distinct
colonizing genotypes (referred to by Caujapé-Castells as morpho-species or incipient species) that were previously
isolated on the mainland but are phylogenetically close enough to have gene flow can form a syngameon during a
colonizing event of a new island (Figure 2A,B). The increase in genetic diversity would be enough to overcome
selective pressures and founder effects, promoting the colonization of syngameon participants. Using species in
the Canarian archipelago, Caujapé-Castells 24l indicated that this type of event could be detected through the level

of endemic species, with low levels of endemism resulting from syngameon colonization and high levels from the
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formation of incompatibility barriers. In low-complexity islands, syngameons would stall evolutionary change due to
high levels of gene flow homogenizing genomes, thus preventing rapid diversification. In high-complexity islands,
syngameons would promote adaptations due to the high genetic diversity hybridization provides; therefore,
resulting in rapid radiations and the eventual collapse of the syngameon (Figure 2C) due to competition and the
formation of reproductive barriers 4. Future studies should test the validity of this hypothesis beyond the Canary
Islands and examine if it is broadly applicable to other allopatric dispersal scenarios such as the colonization of

nearby niches or mosaic hybrid zones.

Key Birth of Syngameon Continuance of Syngameon
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<«— Colonization event
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Mainland Simple Island A Mainland Simple Island B Mainland Simple Island C

Birth of Syngameon Death of Syngameon
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Figure 2. Surfing syngameon hypothesis, in which previously isolated species (1, 2, and 3) come into contact
during the colonization of a low-complexity island (B) and high-complexity island (E), resulting in hybridization and
the formation of a syngameon (B,E). The syngameon increases genetic diversity and reduces the effects of
bottleneck events, resulting in the successful colonization of an island. If the island is open and uniform (A—C), with
little to no ecological and geographical complexity (simple island), then evolutionary change is slowed down by
syngameonic introgression/gene flow, resulting in homogenization of traits and the continuation of the syngameon
(C). If the island is geographically and ecologically complex (D—F), then selection, adaptation, and competition
eventually drive divergence and the formation of reproductive isolating barriers, resulting in the eventual collapse of

the syngameon (F). Participation could even result in the creation of a new hybrid lineage (F, shown as lineage 4).
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2.2.3. Edge Range Hypothesis

Syngameons may form at the edges of species’ ranges, where multiple species can overlap in distribution (Figure
3A) 33l Typically, range edges are seen as population sinks because the species is unable to adapt to the new,
local environment beyond the current distribution boundary 8. However, hybridization at a species’ range edge
may facilitate survival by introducing locally adapted or novel traits through introgression €. Cronk and Suarez-
Gonzalez 133 used a poplar syngameon to show how a tri-species interaction allows for the increased survival of
hybrids at the edge of species boundaries. They also illustrated how as ranges expand and contract, these gene
flow events could be episodic, explaining patterns of ancient introgression followed by divergence, then
introgression again. However, Ottenburghs BZ pointed out that these “merging-and-diverging cycles” could result in
the build-up of genetic divergence during allopatric phases, leading to lower levels of introgression during the
following sympatric phase, eventually ending with a collapse of the syngameon. Additionally, Cronk and Suarez-
Gonzalez 22 failed to consider the stability of syngameons at range edges because these interactions could lead
to the formation of species barriers and thus the collapse of the syngameon, or even the formation of a new hybrid
species with higher fitness than its parental species. Hybrid speciation could lead to the collapse of the syngameon
and the possible extinction of the parent species via genetic swamping (Glossary) or hybrid superiority [28l,
Moreover, there are examples of syngameons that do not form at the range edges, such as in Quercus in which
some species overlap in wide ranges of the distribution 22, As studies expand their scope beyond hybrid pairs to
include more hybridizing species, range overlaps should be closely investigated in order to revisit this hypothesis

under more scrutiny.
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Figure 3. Edge-range hypothesis whereby the expansion and contraction of species’ ranges (A) over time makes
gene flow within the syngameon episodic. This allows for the retention of species’ identities while still allowing for
the exchange of adaptive alleles (dashed arrows). A caveat to the edge-range hypothesis is that all three species’
ranges rarely overlap (shown in gold). More probable scenarios are shown in (B,C), where species’ distributions
overlap independently. While still technically syngameons, the scenarios represented in (B,C) may result in
introgression not extending past the hybrid zones (bounded box), resulting in local admixture directly between

hybrid pairs but no genes are shared indirectly through introgression via a third species.

2.2.4. Genomic Mutualist Hypothesis

Lastly, Cannon and Lerdau B9 hypothesized that species form syngameons by acting as genomic mutualists. In
their scenario, multiple species remain partially interfertile with each other but experience divergent selection on
portions of their genome, while low levels of neutral or adaptive gene flow occur in other parts of the genome. This

creates a balance between purifying selection within species for specific phenotypes and diversifying selection
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among species for novel phenotypes. To avoid the negative consequences of extensive gene flow, species would
develop a reduced but persistent capacity for interspecific mating, making periods of gene flow infrequent,
episodic, and often unidirectional; however, in some systems, syngameons are multidirectional and often reciprocal
gene flow occurs in different magnitudes 214941l These mating interactions are largely controlled by the quantity
and quality of pollen or sperm, so interspecific gene flow would often be triggered by the decline of one species
(Figure 4A,B), resulting in an overabundance of heterospecific gamete landing on the rare species (Figure 4B,C).
This in turn allows for the rare species to avoid local extinction and inbreeding depression through the maintenance
of diversity, a process called genetic rescue (Glossary; Figure 4A—C) 42438l However, demographic swamping
(Glossary; Figure 4D), or genetic swamping (Figure 4E), where rare species are replaced by hybrids B8 is often
used to counter this hypothesis as too much gamete swamping could instead result in the proliferation of hybrids

and extinction of the rare species.
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Figure 4. Genomic mutualist hypothesis in which there is a reproductive barrier favoring conspecific gametes (A)
until one species becomes rare (B), wherein the gamete load from interspecific donors forces the rarer species to
hybridize (C). This could lead to the rarer species benefiting from the increased genetic variation and effective
population size, allowing it to overcome inbreeding depression and recover, a process known as genetic rescue
(A). Alternatively, the rarity could lead to demographic swamping, where the rare species is replaced by the more
abundant species through the purging of maladaptive hybrids (D), or genetic swamping, in which the rare species

is replaced by admixed individuals (E).

2.3. Spatial Limitations

With the various ways syngameons are thought to form, it seems that there should be an abundance of
syngameons. Perhaps the limiting factor is species distribution, meaning that, despite the number of species pairs
with overlapping distributions reported to hybridize, the chances to have multiple hybridizable species with
overlapping distributions is limited. In describing competition among highly diverse tropical tree communities,
Cannon and Lerdau 3244l found that direct spatial proximity with close relatives was infrequent, so even in
complex ecological landscapes, the chances of overlapping with a congeneric species is low. Yet even if direct
spatial overlap does not frequently occur, pollen and seed could still disperse into adjacent habitats and trigger
syngameonic behavior. If, however, sympatry does occur, species in a syngameon could coexist and avoid
competition by diversifying into microhabitats, as demonstrated by Schmitt et al. 43 in a Neotropical syngameon.
Similarly, differing patterns of speciation may also play a role in limiting syngameon formation because allopatric
species coming into secondary contact could be less likely to share a large enough portion of their range to overlap
with more than one species. Further, the narrow hybrid zones that can result from secondary contact do not allow
for the introgression of genes beyond the hybrid zone itself, which is usually at the edge of species’ ranges.
Alternatively, F1is could form but reproductive barriers could prevent any backcrossing with the parental species,
thus introgression would not occur, as seen in Ligularia 8. While many syngameon participants defined here
hybridize with the same single species, genes are not necessarily introgressed across all species’ ranges,
especially if the species hybridize at opposite ends of a range (Figure 3B,C). While this would still technically be
considered a syngameon, the participants are not receiving all the benefits of the network-like structure of more
sympatric syngameons. Cases of sympatric speciation may create more opportunities for multiple species to have
overlapping distributions; however, these scenarios are rarer “[48 and usually result in the formation of a
reproductive isolating barrier BZM4ABEA - which would likely prevent any further hybridization. While the above
syngameon formation hypotheses are not necessarily mutually exclusive, maintaining hybridization in multiple
species at once can have compounding complications, with genetic swamping, lineage collapse, and the formation
of reproductive barriers, all challenging the stability of a syngameon. If syngameons constantly fight to exist, then
how are they maintained over time? The structure of known syngameons may shed light on this perplexing

guestion.

| 3. How Are Syngameons Maintained over Evolutionary Time?
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Most of the formation hypotheses above mention the episodic occurrences of gene flow within a syngameon and
the limited amount of gene flow that must occur to stabilize the interactions. Yet most known examples of
syngameons show extensive and constant gene flow among numerous participants. This discrepancy in theory and
practice may be due to the varying hubs of introgression (Glossary), where some species contribute more genetic
information than they receive and are connected to a large number of other species through gene flow 1. The
number of participating species can vary over geographical space and evolutionary time, with a single species
(referred to as a hub) that has direct contact with multiple species, and as a result, genes passively introgress
through the various pathways radiating from the hub (Figure 5). In these hub-based networks, if one pathway
collapses, gene flow can still be maintained through the numerous other pathways connecting the species together,
as long as there are no geographic or intrinsic barriers that act to contain alleles to one hybridizing species pair.
However, if a hub disappears, that will likely have a larger effect on the entire network, but the extent of that effect

is not currently known.
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Figure 5. Network diagram of the Encelia syngameon 2. Lines connecting species represent gene flow, with
species such as E. frutescens, E. farinosa, E. palmeri, and E. asperifolia exemplifying hubs of introgression (in
bold).

The direction and magnitude of these introgression pathways are rarely uniform. Boecklen 2! used simulations to
test the structure of nine natural and four artificial syngameons (Glossary), finding that a majority exhibit a
nonrandom structure, with a few species dominating the patterns of introgression. He concluded that
geographically widespread species would have more opportunities to hybridize than restricted ones, with the
Boechera syngameon demonstrating a positive relationship between geographic range and the number of mating

combinations. The same is seen in North American white oaks, with the widespread Quercus alba mating with 11
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out of 14 species in the syngameon 32, |t seems that the distribution of a species has a large impact on its ability
to participate in the syngameon, with large contributors maintaining the structure of syngameons across
geographical space. However, geographically widespread species may encounter more geographic and ecological
barriers that could lead to population structuring or barriers to gene flow 3!, These could ultimately prevent the
species, or at least certain populations, from participating in the syngameon or could result in reduced introgression
beyond the hybrid zone. Additionally, the propensity to hybridize was unequal, even when species had equal
opportunities to hybridize 18], This suggests that there are other factors beyond range that affect the direction and
magnitude of introgression within a syngameon. Genetic distance (Glossary) may be the largest of these factors,
with closely related species hybridizing more readily than distant ones 221541, This would mean that the structure of
syngameons is partially dependent on the relatedness of the species participating. Hypothetically, as time passes,
species would become more distinct, compromising the structure and putting the maintenance of the syngameon at
risk. However, the occasional gene flow events among syngameon members would counteract divergence and

keep genomic distance smaller.

The evolutionary advantages and disadvantages of interspecific gene flow are well understood BIL8IESIBE hyt it is
not known if these consequences are the same in these multispecies networks. Cannon and Petit [28] suggest that
syngameons have synergistic properties, with network-like benefits that total more than just the sum of individual
species pairs. Schmitt et al. 42571 suggest that two contrasting evolutionary pressures are constantly acting on a
syngameon, one at the species level to maximize individual species’ fitness and reduce competition among
species, and one at the syngameon level to increase genus survival and maximize population size. In
syngameons, adaptive introgression can maintain hybrid zones through the sharing of beneficial alleles 28!, Natural
selection plays a role in maintaining the poplar syngameon when adaptive alleles are episodically exchanged
across species boundaries 41, Syngameons can also have increased heterozygosity, while maintaining partial
infertility among species B9, In the Fabaceae family, this partial infertility prevents genomes from fully merging,
while still allowing gene flow to increase heterozygosity B2, Levi et al. 89 suggested syngameons could help fuel
the Red Queen arms race (Glossary) in tropical trees by increasing heterozygosity and introducing novel
phenotypes. These beneficial outcomes of gene flow help maintain syngameons and can counter the negative
complications that arise with hybridization. While the current definition does not differentiate between fertile hybrids
that can backcross with their parental species and sterile hybrids that would prevent introgression, the
hypothesized synergistic effects would likely only exist in the former situation where adaptive traits can be passed
across species barriers. Further, the creation of infertile hybrids would more likely result in demographic swamping

(Glossary; Figure 4D) and be detrimental to the syngameon as a whole.

There are many ways that syngameons can remain stable over long periods of evolutionary time including uneven
participation, geographic distribution, genetic distance, and direction of gene flow within a syngameon. These
factors can allow gene flow to occur episodically or in minute amounts, preserving the beneficial aspects of
hybridization while avoiding the detrimental ones. A common misconception with hybridization is that it is
ephemeral and only a stopping point on the way to reproductive isolation 1. While time since divergence is
positively correlated with the strength of reproductive barriers 82, classic two-species hybrid zones can be stable

over evolutionary time through the balance between selection and dispersal [l so it is reasonable that
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multispecies hybrid zones, while more complex, can be maintained in the same way. Without strong selection for

the formation of reproduction barriers and with occasional gene flow partially homogenizing genomes, isolating

barriers may take even longer to form within a syngameon, if at all.
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