Mantled fungal reproductive units in land plant tissue
from the Lower Devonian Rhynie chert
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Multiple specimens of a conspicuous fungal reproductive unit occur in land plant tissue preserved in the Lower Devon-
ian Rhynie chert. The reproductive units consist of a walled sphere (up to 32 um in diameter) borne terminally on a tubu-
lar hypha. Some 50% of specimens are enveloped in a prominent mantle constructed of thin-walled interlaced hyphae;
hyphal tips are club-shaped. The clustered units are in turn embedded in a loose meshwork of thin-walled hyphae, some
of which appear to have contributed in mantle formation. The systematic affinities of this reproductive unit remain un-
known, however, it differs from all mantled fungal reproductive units previously described from the Rhynie chert. This
discovery supports the hypothesis that multiple fungi existed in the Early Devonian that produced various types of
hyphal mantles. « Key words: biodiversity, fossil fungi, hyphal investment, reproductive biology.
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Fungi today are abundant and diverse. Because they func-
tion as decomposers, are effective as parasites and disease
causative agents, and enter into mutualistic associations
with a wide variety of other organisms, fungi can profoundly
affect the structure and organization of the ecosystems in
which they live (Dighton 2003). Although it is generally as-
sumed that fungi were comparably diverse and played simi-
lar roles in the ecosystems of the geologic past, direct evi-
dence from the fossil record is rare. Few fossil localities
provide direct insights into the paleobiodiversity of fungi,
with the most important of these being the Lower Devonian
Rhynie chert in Aberdeenshire, Scotland. This famous La-
gerstitte has yielded numerous exquisitely preserved fungal
fossils, including several examples of fungal associations
and interactions with plants that have been documented in
great detail and compared to modern analogues (surveyed in
Taylor et al. 2004, 2014). Despite these reports, the vast ma-
jority of fungal fossils from the Rhynie chert remain under-
studied to date. As a result, fungal biodiversity in the Rhynie
ecosystem continues to be incompletely documented, resul-
ting in numerous gaps in our understanding of the roles of
fungi in early continental ecosystems.

In particular, the numerous microscopic fungal repro-
ductive units (e.g., spores, resting spores, sporangia),
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which occur dispersed or in association with land plant tis-
sue in next to every Rhynie chert thin section, have re-
ceived little attention following the initial description of
several forms by Kidston & Lang (1921). The fossils differ
in size, wall thickness, and in some instances mode of at-
tachment (e.g., Krings et al. 2014). The large number of
different forms suggests that there may be a substantial, un-
realized fungal biodiversity in the Rhynie ecosystem. Un-
fortunately, few of these fossils exhibit distinctive features
that allow for their precise systematic placement.

Three fungal reproductive units that have recently been
documented from the Rhynie chert differ from the others in
the possession of an ancillary surface covering termed
a hyphal mantle (Krings & Taylor 2013, 2014a; Krings et
al. 2014). The presence of a hyphal mantle is not in itself
a diagnostic feature because such coverings are known
to occur in several groups of fungi. Nevertheless, the
Rhynie chert fossils are important since they represent the
oldest evidence of hyphal mantles in fungal reproductive
units (Krings & Taylor 2013). Moreover, mantle morphol-
ogy differs considerably among the three forms, suggest-
ing that the mantle may be used as a complementary struc-
tural feature in assessing fungal diversity in the Rhynie
ecosystem.
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Here we describe a fourth type of mantled fungal repro-
ductive unit from the Rhynie chert that is considerably
smaller than those recorded previously. This form occurs
principally as an intracellular colonizer of land plant corti-
cal tissue, and represents a significant piece of new infor-
mation about fungi producing hyphal coverings in the
Early Devonian.

Geological setting, material, and methods

The Rhynie chert locality is situated northwest of the vil-
lage of Rhynie, Aberdeenshire, Scotland. The so-called
Rhynie Block in the northern part of the Rhynie Outlier
consists of an extensive sequence of sedimentary and vol-
canic rocks. The fossil-bearing cherts occur in the Windy-
field Shales Member, i.e. within the lower part of the Dry-
den Flags Formation (Parry ef al. 2011). This Lagerstitte is
made up of fossiliferous beds containing lacustrine shales
and cherts that have been interpreted as a series of epheme-
ral freshwater pools which existed within a hot spring envi-
ronment (Rice et al. 2002, Rice & Ashcroft 2004). Pre-
served within the cherts are both aquatic (freshwater)
facies from the pools and subaerial soil/litter horizons with
in situ plants that are thought to have grown along the mar-
gins of the pools. Preservation of the biota is interpreted as
being a result of temporary flooding of silica-rich water, or
by groundwater high in silica percolating to the surface
(Powell ef al. 2000). The cherts have been dated as Prag-
ian—?earliest Emsian based on spore assemblages (Well-
man 2006, Wellman et al. 2006). High-precision age con-
straints on the Rhynie Lagerstitte indicate absolute ages of
407.1 £ 2.2 Ma (Mark et al. 2011) and 411.5 = 1.3 Ma
(Parry et al. 2011).

The specimens were identified in a thin section pre-
pared by cementing a wafer of the Rhynie chert to a glass
slide and then grinding the rock slice until the section was
sufficiently thin to transmit light. The slide is deposited in
the Bayerische Staatssammlung fiir Paldontologie und
Geologie (Munich, Germany) under accession number
SNSB-BSPG 2013 XV 24. Specimens were analyzed us-
ing normal transmitted light microscopy; digital images
were captured with a Leica DFC-480 camera.

Description

The reproductive units occur singly (e.g., Fig. 1B) or in
clusters of 5—>25 individuals (Fig. 1A—C) within several
cells of a largely intact piece (~3 x 4 mm large) of
thin-walled land plant axial cortical tissue. The reproduc-
tive units are globose and between 22 and 30(~32) pm in
diameter. All are composed of a central cavity that is boun-
ded on the outside by a distinct wall that varies in thickness
among specimens. The central cavity has a diameter of
(<10-)15-18(-20) um and most specimens are empty; how-
ever, in some occurs a (sub)centrically positioned mass of
apparently congealed contents (Fig. 1D, E).

Approximately 50% of the specimens are enveloped in a
prominent hyphal mantle up to 6(—7) pm thick (Fig. 1G-K),
while others lack evidence of the presence of any ancillary
covering (Fig. 1D, F). One specimen shows what appears to
be a translucent surface sheathing (large black arrow in
Fig. 1E), but this may represent a preservation artifact result-
ing from shrinkage of the specimen during fossilization. The
mantle occurs in the form of a one- to incompletely two-sto-
ried system of branched, irregularly swollen and constricted,
densely interlaced hyphae, which are thin-walled, translu-
cent, and between <2 and 4 um wide; septa appear to be
lacking. All mantle hyphae extend around the circumference
of the structure (Fig. 11b—K); hyphal tips are slightly swollen
to club-shaped (black arrows in Fig. 11a). The mantled spec-
imens that occur in clusters are additionally surrounded by a
loose meshwork of thin-walled, sparsely septate hyphae
(Fig. 1G-I). Some of these hyphae resemble mantle hyphae,
but most are narrower and tubular (e.g., white arrows in
Fig. 1H and Ia, black arrow in Fig. 1Ib). In surface view of
the mantle, the physical connections between the tubular and
mantle hyphae are sometimes recognizable as circular de-
marcations (white arrows in Fig. 11b).

The wall surrounding the central cavity ranges in thick-
ness from 1 to 2.1 pm and appears to be a single layer. Nar-
row radial files of opaque material are irregularly distrib-
uted within the wall (arrows in Fig. 1J). Moreover, some
specimens suggest that the individual mantle hyphae fuse
with or penetrate the wall (e.g., arrow in Fig. 1K).

The subtending hyphae of specimens occurring singly
are typically tubular and ~1.5(-2) um wide; septa appear to

Figure 1. Mantled fungal reproductive unit from the Lower Devonian Rhynie chert. ¢ A, B — clusters of specimens in host cells. Bars = 100 pm. ¢ C — de-
tail of Fig. 1B, co-occurrence of mantled (upper right of image) and naked (lower left of image) specimens in host cell. Bar = 20 pm. * D-F — specimens
lacking hyphal mantles. Black arrow in Fig. 1D and lower black arrow in Fig. 1E: septa. White arrow in Fig. 1E: bulbous swelling of subtending hypha.
Upper black arrow in Fig. 1E: translucent surface sheathing. Bars = 10 um. * G — cluster of mantled units. Bar = 10 pm. * H — three units and meshwork
hypha (white arrow). Black arrow: bulbous swelling or mantle hypha in cross section. Bar = 10 pm. ¢ I — cluster of mantled specimens. Fig. 11a: normal
light. Fig. 11b: same cluster as in Fig. 11a, reversed light, slightly different focal plane. White arrows in Fig. 11a: tubular meshwork hyphae, black arrows:
club-shaped tips of mantle hyphae. White arrows in Fig. 11b: physical connections between meshwork and mantle hyphae, black arrow: meshwork hypha.
Bars =10 um. ¢ J, K — mantle morphology. Arrows in Fig. 1J: radial files of opaque matter in wall. White arrow in Fig. 1K: mantle hypha apparently merg-

ing with or penetrating wall. Bars = 10 pm.
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be present (e.g., small black arrows in Fig. 1D and E), and
some subtending hyphae additionally possess a bulbous
swelling immediately below the reproductive unit (white
arrow in Fig. 1E). Tracing the parental hyphae in the clus-
tered mantled specimens is difficult. The small size of the
fossils, together with the translucency of all hyphae, render
it difficult to determine which of the hyphae in the mesh-
work surrounding the reproductive units represent the my-
celium on which the units were produced and which gave
rise to the mantles. For example, the structure marked with
arrows in Fig. 1H might represent a subtending hypha
(white arrow) with a subterminal bulbous swelling (black
arrow), a running hypha that develops into a wide mantle
hypha as it reaches the surface of the reproductive unit, or a
hyphal branch extending from a mantle hypha and travers-
ing to another reproductive unit.

Discussion

Fungal reproductive units are abundant and morphologically
diverse in the Rhynie chert, and thus may serve as proxy indi-
cators of fungal diversity in this early continental ecosystem.
However, the delineation of individual species among the fos-
sils and their precise systematic placement remain challen-
ging tasks because the vast majority of these structures lack
features that are diagnostic and consistent (or consistently re-
cognizable) among several specimens (see Krings & Taylor
2014b). On the other hand, certain fungal reproductive units
in the Rhynie chert possess morphological features that are
not diagnostic, but still of sufficient distinctiveness to make
them identifiable. One of these features is the hyphal mantle.
Hyphal mantles in Rhynie chert fungal reproductive
units have initially been noted by Kidston & Lang (1921).
However, these authors did not award this morphological
peculiarity any special consideration. More recently, Krings
& Taylor (2013, 2014a) and Krings et al. (2014) provided
detailed descriptions and photographic documentations of
three different mantled fungal reproductive units from the
Rhynie chert. These fossils differ from the form described
here with regard to several aspects: First, the new fossils are
consistently smaller than all other forms (i.e. 22-32 pm ver-
sus >40 pum in diameter, including mantle). Second, the
specimens occur as intracellular colonizers of intact land
plant tissue, whereas the other forms have been discovered
either in the chert matrix or within largely degraded land
plant tissue. The fossil material consists of a single thin sec-
tion preparation, and thus we cannot determine whether the
reproductive units were produced within a living plant, or
colonization occurred shortly after senescence and fragmen-
tation of the host axis. Third, clustered specimens have not
been reported in any of the mantled fungal reproductive
structures recorded previously from the Rhynie chert. How-
ever, the occurrence in clusters likely represents a preserva-

tion bias in which the intact host cells and surrounding tissue
may have served some level of protection. The clusters un-
doubtedly would have become dissociated along with the
disintegration of the host tissue. Based primarily on the dif-
ferences in size, we view the fossils described here as repre-
senting part of an organism different from those that pro-
duced the other Rhynie chert mantled reproductive units.
However, we cannot rule out that the structures represent
younger stages, or deviant morphologies or dwarf forms
(perhaps resulting from development in confined space) of
Zwergimyces vestitus (Kidst. & W.H. Lang) M. Krings &
T.N. Taylor, another Rhynie chert fungal reproductive unit
characterized by a one-layered hyphal mantle composed of
branched, irregularly swollen and constricted, densely inter-
laced hyphae that extend around the circumference of the
structure (Krings & Taylor 2013).

Not all specimens of the new fossil are mantled
(Fig. 1D-F). Moreover, mantled and naked specimens may
co-occur in the same host cell. One explanation for this
condition might be that the host tissue was colonized by
two different (but perhaps closely related) fungi, one of
which produced naked and the other mantled reproductive
units. Adding some support to this hypothesis is the fact
that the wall surrounding the central cavity is on average
slightly thinner in the naked specimens. Alternatively, all
specimens were produced by the same fungus, but repre-
sent different types of reproductive units (e.g., dimorphic
spores, normal and resting spores/sporangia). Since we
have not observed naked and mantled reproductive units in
organic connection (i.e. borne on the same parental hypha),
and thus cannot determine whether the two forms in fact
belong to the same organism, we refrain from formally de-
scribing and naming the fossils detailed in this paper.

Krings et al. (2014) suggested that the mantled reproduc-
tive units from the Rhynie chert may have systematic affini-
ties with the Glomeromycota or Mucoromycotina
(zygomycetous fungi) based on similar features in modern
lineages known to produce spores/sporangia with hyphal cov-
erings. The same can be said of the fossils described in this
paper, at least of the mantled specimens. Based on the small
size, and in the absence of any visible evidence of
gametangial fusion, however, it seems more likely that the
fossils belong to some lineage of Glomeromycota. However,
most glomeromycotan spores are considerably larger than the
fossils (e.g., Redecker & Raab 2006; INVAM homepage). On
the other hand, there are several species in the genus Glomus
Tul. & C. Tul. in which spore size is similar to that of the fos-
sils [e.g., (10-)24(-30) um in Glomus perpusillum Blaszk. &
Kovéacs and (17-)32(-52) um in Glomus indicum Blaszk.,
Wubet & Harikumar; see Blaszkowski et al. 2009, 2010].
Certain species in the zygomycete genus Mortierella Coem.
also produce zygosporangia that are relatively small (e.g.,
Gams et al. 1972, Kuhlman 1972). Moreover, hyphal mantles
or sheaths occur in several Mortierella species (Linnemann
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1941). However, the hyphal coverings in these fungi are usu-
ally distinctly more prominent than in the fossil. For example,
the zygosporangia of M. alpina var. renispora (Dixon-Stew.)
Linnem. are 3060 um in diameter and enveloped in a mantle
>200 pm thick (Linnemann 1941).

Another interesting feature of the new fossils is that
specimen clusters are interlaced by a loose meshwork of
thin-walled and translucent hyphae (Fig. 1H, Ia), which are
interconnected with the mantle hyphae (Fig. 1Ib). This fea-
ture is also reminiscent of certain modern Glomeromycota
and zygomycetous fungi in which spores/sporangia are
produced in clusters or aggregates within a confluent
hyphal meshwork, sometimes termed an intrasporocarpic
hyphal mycelium or a gleba (e.g., Thaxter 1922, Giovan-
netti et al. 1991, Yao et al. 1996, Oehl et al. 2014). Groups
of mantled fungal reproductive units embedded within a
confluent hyphal meshwork have also been observed in
several Carboniferous fossils (e.g., Hutchinson 1955, Stub-
blefield et al. 1983, Krings & Taylor 2012).

Interestingly, certain structural details might also be
used to suggest an alternative interpretation — the fossils rep-
resent oogonia of some member of the fungus-like Perono-
sporomycetes (Oomycota). This suggestion is based on the
fact that the oogonia of certain members in the extant Sapro-
legnia diclina-S. parasitica complex (see Diéguez-
Uribeondo et al. 2007) may sometimes occur in a so-called
“birdsnest” condition, in which they are partially or fully en-
veloped in a mantle-like investment formed by multiple
antheridial branches and antheridia (Tiesenhausen 1912,
Willoughby 1978, Johnson et al. 2002). Adding some sup-
port to this interpretation are the tips of the mantle hyphae in
the fossil that are often club-shaped (black arrows in
Fig. 11a), thus resembling clavate antheridia present in many
extant members of Saprolegnia Nees (e.g., Coker 1923,
Seymour 1970). Moreover, the narrow radial files of opaque
material (arrows in Fig. 1J) might represent pits in the
oogonial wall that are secondarily filled with some sub-
stance. Pitted oogonia are also known in extant Saprolegnia
(Johnson et al. 2002). In addition, some of the fossil mantle
hyphae appear to merge with or penetrate the wall of the
central cavity (arrow in Fig. 1K). This configuration is sug-
gestive of antheridia producing fertilization tubes that pene-
trate the oogonium wall. However, there is no evidence sug-
gestive of fertilization tubes or other hyphal components
within the lumen of any specimen. Moreover, structures that
might represent oospheres or (developing) oospores are ab-
sent. While the oospheres of virtually all extant perono-
sporomycetes are naked structures (Dick 2001), and thus
would probably not become preserved in a recognizable
form, oospores are bounded by prominent walls, and thus
should be preserved in this fossil, precisely as in other
Rhynie chert fossils interpreted as Saprolegnia-like perono-
sporomycete oogonia (Krings ef al. 2012, 2013). One might
speculate that perhaps the fossils contained only a single

plerotic oospore. However, subdivision of the cavity wall
into an inner oospore wall and outer oogonium wall is not
recognizable in any of the specimens.

The systematic affinities and biological significance of
the organisms that are represented by the fungal reproduc-
tive units described in this paper remain conjectural. What
we do know, however, is that the fossils add to the inventory
of fungi that produced mantled reproductive units by the
Early Devonian. Moreover, the new fossils attest to the sug-
gestion that mantle morphology, in concert with other struc-
tural features, can be used in cataloguing the biological di-
versity of fungi in the Rhynie chert. Consequently, a first
step in understanding the biological significance of these
fossils is to report their occurrence, and document a range of
features as thoroughly as possible. As more information is
accumulated about the Rhynie chert microfungi, some of the
complexities that governed this ecosystem during the Early
Devonian will likely be more fully understood.
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