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AsTrRACT.—We trace the development of our understanding regarding the mating systems of
moonworts (i.e., Botrychium sensu stricto), from the early recognition of inbreeding as the pri-
mary mode of sexual reproduction to the discovery of predominantly outcrossing populations in
high mountain habitats. We propose an evolutionary trajectory in which both mating systems, in
concert with mycorrhizal support, have been able to sustain Botrychium populations through
changing environments. We present a depiction of the fern life cycle that portrays the positive
role of inbreeding in speciation and evolution of Botrychium and its relevance to ferns and lyco-
phytes in general.
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The fern genus species Botrychium s.s. and related species of the Ophioglossaceae
have become prime examples of low genetic variability starting with the early anal-
yses of allelic diversity revealed through enzyme electrophoresis (i.e., for Botrypus
virginianus; Soltis and Soltis, 1986). This reduced genetic diversity has generally
been thought to result from the difficulty of sperm transfer between belowground
gametophytes, i.e., about 2 cm, as evidenced by studies of water movement through
soil (Wagner et al., (1985). Studies by Hauk and Haufler (1999) and Stensvold and
Farrar (2016) have confirmed that low allelic variability and diminished locus het-
erozygosity characterize many populations of most Botrychium species (Table 1).
Contrary to what might be expected of plants with low genetic variability,
species of Botrychium, although small and morphologically simple, continue
to thrive in seed-dominated floras in temperate and boreal habitats throughout
the northern hemisphere, with large disjunctions in similar habitats of the
southern hemisphere (Farrar and Stensvold, 2017; Meza-Torres et al., 2016).
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TasLe 1.  Comparison of genetic diversity among vascular plants.

Taxon group Range %P' Mean %P> Range A/L> Mean A/L* Reference
Seed plants 58.90 2.29 Hamrick and Godt 1990
Ferns 0-80 36.00 1.00-2.8 1.65 Li and Haufler 1999
(data for 32 taxa)
Botrychium genus 0-17 7.44 1.00-1.2 1.10 Farrar 1998 (data for nine
diploid taxa)
0-21 7.30 1.00-1.21 1.07 Hauk and Haufler 1999
(data for five diploid taxa)
B. lunaria complex 10-45 25.80 1.10-1.60 1.32 Stensvold and Farrar 2017
(data for six diploid taxa)
Swiss B. lunaria 43-100 66.67 1.57-2.63 2.05 Dauphin, Grant, and
Farrar, 2020

Note: "Range of percent for polymorphic loci across groups; *Mean of polymorphic loci per group;
*Range of number of alleles per all loci across groups; *Mean number of alleles per locus of all
members per group.

Despite their reduced allelic condition, the 36 currently described species
maintain genetic distances similar to those documented between other closely
related fern species (Stensvold and Farrar 2017; Williams, 2021) and have suf-
ficient morphological distinctness to allow species recognition in a given area
(Farrar et al., 2017). These observations raise questions of how this degree of
between-taxon differentiation occurred, and whether this condition influ-
enced adaptation to environmental change over the course of their existence.

THE Discoviery oF GENETICALLY RicH MOONWORT POPULATIONS

Answers to these questions began to emerge when the Farrar laboratory received
four morphologically similar plants of B. Iunaria from Switzerland, collected by
Benjamin Dauphin. Enzyme electrophoretic analysis of these plants revealed that
each individual was unique in its allelic composition. Further analysis of hundreds
of plants from sixteen sites across Switzerland demonstrated that these populations
contained allelic diversity and locus heterozygosity consistent with what is
expected from outcrossing populations (Dauphin, Grant, and Farrar, 2020). Farrar
and Gilman (2017) found similar outcrossing in B. campestre var. lineare in the
Rocky Mountains of western North America. In both cases, these outcrossing popu-
lations occurred on high, steep mountain meadows beneath areas of winter snow
accumulation. How could these conditions promote outcrossing?” We now postu-
late that sperm movement between belowground gametophytes may be facilitated
by the flow of water through the gametophyte population provided by gradual
melting of snowbanks positioned above the Botrychium populations.

The pioneering work of Wagner, Wagner, and Beitel (1985) addressed the
issue of sperm dispersal belowground by experimenting with rates of water
flow through clumps of dry soil. They proposed that “the mass flow of water
within the [soil] interstices might further disperse sperm into positions closer
to other gametophytes. If one gametophyte lies somewhat above another,
sperm can be carried from the upper to the lower”. In the Black Hills of South
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TasLe 2. Allelic diversity of outbreeding populations of Botrychium lunaria and Botrychium
campestre var. lineare relative to inbreeding taxa in the same molecular phylogenetic clade.

Mean number Mean % of loci 'Mean % of *Number
of alleles per with allelic heterozygous of private
Taxon group locus diversity plants alleles
Lunaria clade
*Swiss B. lunaria 2.03 79.00 100.00 -
Non-Swiss B. lunaria 1.45 11.05 25.00 1
B. neolunaria 1.20 7.61 15.00 3
B. crenulatum 1.40 0.83 30.00 3
B. tunux 1.30 6.32 30.00 1
B. onondagense 1.25 25.00 00.00 1
B. nordicum 1.20 10.00 00.00 5
Campestre clade
*Rocky Mt. var lineare 1.77 84.01 54.50 -
Eastern var. campestre 1.21 00.00 00.00 0
Eastern var. lineare 1.23 15.00 13.60 1

Notes: "Mean percentage of plants heterozygous at one or more loci; “Number of alleles that are
not shared with outbreeding taxa. *Outbreeding populations.

Dakota an example of the importance of the steepness of the slope for sperm
dispersal has been noted for B. campestre (Farrar and Gilman, 2017). Both
varieties of B. campestre, var. campestre and var. lineare, are abundant in roll-
ing prairie habitats, with each variety represented by only a single genotype—
with one exception. This exception occurs at the base of a steep north-facing
slope in where winter snow accumulations persist until early spring. These
plants show allelic diversity and heterozygous loci indicative of outcrossing.

OUTCROSSING AND INBREEDING

Botrychium lunaria and B. campestre are the only two of 36 currently
described Botrychium species known to harbor some outcrossing populations
(Dauphin, Grant, and Farrar, 2020; Farrar and Gilman, 2017). Comparison of
the allelic composition of outbreeding versus inbreeding populations in these
two species and related taxa of their respective clades offers insight. Inbreed-
ing populations of B. Iunaria contain only a single allele that is not also pre-
sent in the outcrossing Swiss populations (Table 2). In the non-Swiss
populations of B. lunaria and in the five other species of the Lunaria clade,
mainly found in North America, the lower mean number of alleles and the
small number of private alleles suggest that these species primarily contain
subsets of the alleles present in outcrossing Swiss populations.

Populations of B. campestre east of the Rocky Mountains show similar
trends. The inbreeding populations contain a smaller total number of alleles,
and these are primarily subsets of the alleles present in the outcrossing, high
mountain populations (Table 2). Presence of heterozygous loci indicates that
B. campestre var. lineare in the high Rocky Mountains is outcrossing, whereas
the same variety found in lower, less steep habitats east of the mountains
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expresses no heterozygosity, a characteristic of gametophytic selfing. It seems
reasonable to assume that prevailing westerly winds could have dispersed
individual spores to easterly habitats that were supportive of growth but not of
outcrossing. No eastern populations of variety campestre, and relatively few of
variety lineare display heterozygosity reflective of outcrossing. Populations in
different eastern areas display distinct genotypes, possibly indicating that dif-
ferent spore genotypes established different populations.

Despite sharing many alleles, it seems unlikely that the North America
species of the Lunaria clade originated directly from spore dispersal out of
Switzerland. More plausible is the former occurrence (or current but yet
undetected) of outbreeding populations of ancestral “lunaria” in North
America or eastern Asia. While we have determined that Botrychium species
are not exclusively inbreeding, it remains true that most populations of most
species are predominantly inbreeding, yet amazingly successful in terms of
diversity, frequency of occurrence, ancient origins as evidenced by their
early-divergent phylogenetic position (Rothfels et al., 2015), and anatomical
similarities to first land plants (Gerrienne and Gonez, 2011; Kerp, Trewin,
and Hass, 2007). Botrychium anatomy and development reveals a possible
resolution to this dilemma.

LONG-STANDING SYMBIOTIC INTERACTIONS

Botrychium spores germinate in darkness belowground, initially producing
a single parenchymatous cell with a rhizoid (Whittier, 1981). They develop
further after colonization by an arbuscular mycorrhizal fungus (Fig. 1A-B).
Arbuscular mycorrhizal fungi are instrumental in terrestrial ecosystems due to
their ability to form mutualistic associations with vascular plants, including
more than 50% of fern species (Halliday, 2022; Lehnert, Krug, and Kessler,
2017). Arbuscular mycorrhizal fungi are obligate biotrophs that acquire fixed
carbon from plants (e.g., carbohydrates and lipids; Hodge, Helgason, and Fit-
ter, 2010; Sheldrake, 2020), while providing nutrients and water to plants.
These two-way trophic exchanges may be unbalanced during periods of host
plant development (Sheldrake, 2020). Such is the case for Botrychium species
in the belowground gametophyte and early sporophyte stage and thus there is
no photosynthetic carbon production for several years. Are Botrychium’s
arbuscular mycorrhizal fungi starving for so long? How then could long-term
symbiotic interactions be possible?

Interestingly, it was shown that the same arbuscular mycorrhizal fungal spe-
cies of the genus Glomus present in Botrychium sporophytes also colonize
neighboring seed plants and photosynthetic products extracted from the seed
plants are presumably transmitted to Botrychium through shared mycorrhizal
networks (Winther and Friedman, 2007). Thus, these inter-kingdom symbiotic
relationships are vital for establishing populations of Botrychium gameto-
phytes, which can be traced back to the first divergent land plants (Fig. 1C;
Sheldrake, 2020; Taylor et al., 2005). Analysis of several Glomus taxa forming
endomycorrizal associations with B. lunaria in Switzerland suggests that
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Fic. 1. Arbuscular mycorrhizal (AM) associations in Botrychium crenulatum gametophytes and
its structural comparison with approximate 400 million-year old Rhynie chert mycorrhizas. (A)
Longitudinal section of B. crenulatum gametophyte with AM hyphae (h) and egg cell (e). (B)
Magnified view of AM hyphae. (A-B) were modified from Winther and Friedman (2007). (C)
Arbuscules (arrow) in cells of early land plant gametophyte Lyonophyton rhyniensis (from Taylor
et al., 2005; Brundrett et al., 2018). Structural comparison of arbuscular mycorrhizas seems to be
highly similar between modern and ancient associations (Taylor et al., 2005).

Botrychium is highly selective of its symbionts, and that in addition to trans-
ferring mineral and organic nutrients to Botrychium, the mycorrhizae favor-
ably modify the physical and chemical properties of the soil around the
Botrychium roots (Sandoz et al., 2020).

FroM GAMETOPHYTE DEVELOPMENT TO SPOROPHYTE EMERGENCE

With carbon obtained via the fungus, the gametophyte grows to maturity
and produces both male and female gametangia simultaneously on the same
plant (Fig. 2A—C; Dauphin, Grant, and Farrar, 2020; Farrar and Johnson, 2022).
This bisexual condition allows the production of a sporophyte through self-
fertilization, also referred to as gametophytic selfing (Fig. 2D). The sporophyte
differentiates over the course of several years into a stem with roots and a sin-
gle apical meristem, all still belowground. This belowground development
relies on carbon received from the arbuscular mycorrhizal fungi, which are
found in all tissues except the apical bud throughout its lifetime (Winther and
Friedman, 2007).

After several years of exclusively belowground growth (Bierhorst, 1971), the old-
est of the leaf primordia in the apical bud elongates its common stalk and emerges
aboveground where it differentiates dichotomously into two branches, one with a
photosynthetic segment (i.e., trophophore) and the other segment destined to pro-
duce sporangia (i.e., sporophore; Fig. 2E-F). After spore release at maturity, the leaf
withers and the belowground plant no longer obtains photosynthetic support from
its trophophore that year. Hoefferle (1999) has found that harvesting young leaves
prior to spore release versus spore releasing leaves resulted in larger leaves the fol-
lowing year than do plants whose leaf is allowed to mature and release spores.
This suggests that the production of spores is a net drain on the reserves of
the belowground plant. Annual monitoring of marked leaf emergence has
also revealed that individual plants may not produce aboveground leaves
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A Arche B  Antheridium C Archegonium

Fic. 2. Main sexual development stages and morphological structures displayed by Botrychium taxa.
Initial first development of either female (A) or male (B) gametangia followed by a mix of both sexes
(C) in B. campestre individuals. (D) Gametophyte supporting the young sporophyte stem and first root
of Botrychium minganense. (E) Belowground roots, stem, and next year’s leaf of Botrychium pumicola.
(F) Immature leaf of Botrychium campestre with its aboveground leaf branches separated into a tropho-
phore with pinnae and a sporophore with sporangia. (A—C) and (D-F) were modified from Dauphin,
Grant, and Farrar (2020) and Farrar and Johnson (2022), respectively.

every year (Johnson-Groh and Lee, 2002), and in some cases (e.g., extended
drought) may persist indefinitely without production of aboveground leaves
(Popovich, Farrar and Johnson, 2024).

AN ALTERNATIVE HYPOTHESIS FOR TAXON DIFFERENTIATION IN HOMOSPOROUS
VascuLAR PLANTS

Isolated spores can form new populations sexually only if they are capable
of gametophytic selfing, and if their resulting homozygous genotype is suited
to the environment to which they have been transported. Since the capacity
for gametophytic selfing is frequent in ferns (Sessa, Testo, and Watkins, 2016),
and very common in Botrychium (Hauk and Haufler, 1999; Stensvold and
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Farrar, 2016), it is thus probable that populations derived from single spores
can be maintained through reiterative gametophytic selfing and can further
disperse to suitable habitats by the same process (Fig. 3A). In homosporous
vascular plants, the current view regarding taxon dispersal and differentiation
via gametophytic selfing is in isolation where, after long-distance spore dis-
persal, a single isolated spore may establish a new sporophyte population
instantly differentiated by its homozygous genotype and the low probability of
contact with new migrants (interpreted in Fig. 3A; Haufler et al., 2016).

We propose an alternative hypothesis in which the genetically depauperate
taxa of Botrychium could have differentiated in situ from genetically rich pop-
ulations through environmental disruption of sperm migration among gameto-
phytes of a population (Fig. 3B). In habitats without seasonal mass water flow,
reliance on gametophytic selfing is required for survival, while selection in
concert with genetic drift shape homozygous genotypes. Subsequently, long-
distance spore dispersal can generate additional new populations over broad
geographical ranges. This dependence on gametophytic selfing leads to near-
fixation of genotypes such as described in the worldwide B. lunaria complex
(Stensvold and Farrar, 2016). Among these taxa, differences in genetic compo-
sition, morphology, ecological preferences, physiology (including drought tol-
erance and drought avoidance through phenology shifts), and distribution
indicate that genotype selection has also occurred in the process of genotype
fixation (Stensvold, Farrar and Johnson-Groh, 2002), with some evidence for
adaptive forces taking place in particular habitats. For example, B. crenulatum
exhibits a strong association with soils that are water-saturated for much of the
growing season, and where B. onondagense and B. neolunaria grow in proxim-
ity, the former occupies well-drained grounds, whereas the latter occupies
lower, flatter topography, often in stream bottomlands and beach meadows
(Farrar, Gilman, and Moran, 2017; Mossion et al., 2023).

Arbuscular mycorrhizal fungi have established mutualistic associations
with more than half of modern ferns and lycopods (Lehnert, Krug, and Kessler,
2017). In genera of the Ophioglossales, in addition to Botrychium, they have
been reported in Botrypus (Kovécs, Bald, and Pénzes, 2007) and Ophioglossum
(Field et al., 2015). Similar fungal filaments have also been described as “fill-
ing most of the internal cells” of the underground gametophytes of Psilotum in
the Psilotales, the closely related order to the Ophioglossales (Bierhorst, 1971).
Arbuscular mycorrhizal associations have also been reported in Lycopodia-
ceae (Winther and Friedman, 2008), which are distantly related to ferns, but in
Lycopodium species, similar to Botrychium in that they have a belowground
gametophyte stage in their reproductive cycle. These observations suggest a
spectrum of taxa to which our finding in Botrychium may be relevant. Studies
of Devonian land plants have given rise to similar questions regarding dis-
persal and reproductive biology of the first land plants, including consequent
loss of genetic variability and expression of deleterious alleles through obliga-
tory gametophyte self-fertilization (Taylor, Kerp, and Hass, 2005). We invite
specialists in this area to evaluate the differentiation and dispersal model we

Downloaded From: https://bioone.org/journals/American-Fern-Journal on 02 Mar 2024
Terms of Use: https://bioone.org/terms-of-uselAccess provided by The American Fern Society



DAUPHIN ET AL.: MATING SYSTEMS IN BOTRYCHIUM 29

A Establishment of a new
population with no genetic .
Local spore variability among individuals Persistence of
dispersal suited genotypes
Single homozygote Population with genetic
sporophyte “ PO variability limited to
In Isolation mutation
. . Taxon dispersal and differentiation
Union of genetically, N A .
identical sperm and via gametophytlc selfing lmposed by Population
egg from bisexual long-distance spore dispersal reinforcement

gametophyte

Genetic variability
added through new

migrants X . X
Population with genetic
variability among individuals

Long range spore dispersal . . . Genetic recombination via
via wind or bird migration Genetically rich population sporophytic outcrossing
/ with sperm dispersal \

among gametophyte plants

Single isolated spore

B : fl :
) ) assisted by water flow Climate or hydrology change
Gene.t1c enrichment through restricting sperm dispersal
mutation and return to sperm
dispersal by water flow?

Widespread, distinct but Habitat unsupportive
genetically depauperate, taxon of seasonal water flow
[13 rf112°
Distinction of . Ifl ‘S:ltu .
morphologies, Taxon differentiation and dispersal Coriversion'ts
physiologies, via gametophytic selfing imposed by gametophytic
ecologies, and 3 selfing
geographical ranges environmental change
Founding of new distant :
populations throu Competing homozygous
gametophytic selfing genotypes

. . Selection and
Long distance dispersal of spores Survival of a well- genetic drift

to similar supportive habitats adapted genotype

Fic. 3. Two models for differentiation and dispersal in homosporous vascular plants facilitated
by gametophytic selfing. (A) Authors’ interpretation of hypothesis presented by Haufler et al.
(2016) emphasizing spore isolation following long distance spore dispersal. (B) An alternative
hypothesis of in situ differentiation of genetically depauperate Botrychium taxa described in this
study.
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present for Botrychium as to its potential applicability in accommodating con-
straints imposed by gametophytic selfing.
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