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Summary

� Oil bodies are a synapomorphy of liverworts (Marchantiophyta), a major group of land

plants with a sparse fossil record. Paleozoic liverworts sometimes possess dark cells that

appear similar in distribution to liverwort oil body cells. The Middle Devonian Metzgeriothal-

lus sharonae provides an opportunity for comparison with modern liverworts.
� Shale samples were collected, and the carbonaceous fossils were isolated by acid macera-

tion. Museum shale specimens of Pallaviciniites devonicus were also obtained and processed.

The relative location, frequency, and spatial distribution of the fossil dark cells were compared

to those of oil body cells in extant taxa.
� Quantitative analyses revealed that the frequency and spatial distribution of dark cells are

comparable to those of oil body cells. Microscopy results show evidence of oil body mem-

branes within dark cells. The dark cells ofM. sharonae show clumping near the thallus margin,

suggesting an anti-herbivore function.
� These results support the hypothesis that the dark cells of Paleozoic liverworts and the oil

body cells of extant lineages are homologous structures with a shared developmental origin,

providing a new character that can aid in the classification of fossils and that sheds light on

the evolution and function of liverwort oil bodies.

Introduction

Liverworts (Marchantiophyta) are a morphologically and ecologi-
cally diverse group of land plants. Early cladistic studies generally
resolved liverworts as sister to the remaining embryophytes
(Mishler & Churchill, 1984; Kenrick & Crane, 1997; Qiu
et al., 2006). More recent large molecular data sets have sup-
ported a sister group relationship between mosses and liverworts
(Cox et al., 2014; Wickett et al., 2014; Puttick et al., 2018; Bech-
teler et al., 2023). While the earliest (Silurian, 443–419 million
years ago (Ma)) land plant body fossils have been assigned to the
vascular plants, much of the earlier Ordovician (485–443Ma)
evidence of embryophytes – mainly enigmatic spores and cellular
fragments – is thought to have liverwort affinities (Gensel
et al., 1990; Edwards et al., 1995; Strother, 2000; Well-
man, 2003; Graham et al., 2004), and the earliest mesofossils
with bryophytic affinities have been placed in the liverwort line-
age (Hueber, 1961; Lacey, 1969; Krassilov & Schuster, 1984;
Oostendorp, 1987; Hernick et al., 2008). The three main
lineages of extant liverworts are Haplomitriopsida (sister to the
remaining liverworts and composed of the orders Treubiales and
Calobryales), Marchantiopsida (complex thalloid liverworts), and
Jungermanniopsida (two simple thalloid and two leafy orders).
Molecular phylogenies using fossil constraints have estimated the
split occurring between Haplomitriopsida and the other

liverworts in the Late Ordovician (458–443Ma) and the
Marchantiopsida-Jungermanniopsida split occurring sometime
in the Devonian (419–358Ma) (Heinrichs et al., 2007; Bechteler
et al., 2023). Flores et al. (2023) used a total evidence approach,
incorporating fossils into the phylogeny and obtaining an earlier,
Late Ordovician estimate for the Marchantiopsida-Jungerman-
niopsida split. There is fossil evidence for all these groups, exclud-
ing the crown leafy clades, by the end of the Paleozoic, c. 250Ma
(Krassilov & Schuster, 1984). Unfortunately, until recently, the
only Paleozoic macrofossils that have been placed unequivocally
in the liverwort clade were represented by a small number of spe-
cimens that exhibited only vegetative characters, which are, as in
all embryophytes, prone to homoplasy (Krassilov & Schus-
ter, 1984).

Because of their sparse early fossil record (Tomescu
et al., 2018), early diversification and character evolution in liver-
worts remain poorly understood (Wiens, 2004; Crandall-Stotler
et al., 2005). One roadblock has been assigning fossils to liverworts
and then placing them within the group with so few characters
available. Until now, one of the most important synapomorphies
of the group, their unique organelles called oil bodies, has not
been used in the classification of fossils. The ability to do so would
be especially advantageous as oil bodies vary in a number of char-
acters that are taxonomically informative within the liverwort clade
(Schuster, 1966; Crandall-Stotler et al., 2005). Understanding of
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cellular patterns in early liverworts could also facilitate interpreta-
tion of the cellular scraps that predate the first land plant
mesofossils, the so-called waifs and strays (Wellman, 2003).
This could provide information about the occurrence of land
plants and the timing of appearance of characters (Edwards
et al., 1995).

Oil bodies are true, membrane-bound organelles. Present in
90% of liverwort species across all main lineages, they have been
secondarily lost in several groups (Schuster, 1966; He et al.,
2013). They sequester lipophilic compounds (Asakawa, 1995),
and Suire (2000) has shown evidence of terpenoid synthesis in
the oil bodies of Marchantia polymorpha. Varying in size, texture,
and color, they often impart characteristic odors to a particular
species. In the vast majority of taxa, including all those of the
Jungermanniopsida, oil bodies are found in all cells of the plant,

and depending on the taxon, an individual liverwort cell may
contain one to as many as 50 or more oil bodies (Fig. 1a–c). In
the Marchantiopsida and the Treubiales, they are only found in
specialized cells – sometimes referred to as idioblasts – that are
nearly filled with a single large oil body and few to no chloro-
plasts, while other cells are oil body-free (Fig. 1d–f). In the Calo-
bryales, a variety of oil body types are found, and many oil bodies
are found in most cells (Fig. 1g). The ultrastructure, chemical
composition, and taxonomic significance of liverwort oil bodies
have been extensively investigated (Schuster, 1966; Asa-
kawa, 2004), yet their exact function was unknown until recently.
A growing body of research has found evidence of antimicrobial
properties of oil bodies (Millar et al., 2007) and has increasingly
supported an antiherbivory function (He et al., 2013; Romani
et al., 2020; Gutsche et al., 2024). This defensive function is also

Fig. 1 Examples of oil bodies of extant liverworts of the Jungermanniopsida (Bazzania sp., Riccardia chamedryfoli, and Pallavicinia sp.), Marchantiopsida
(Conocephalum sp.,Marchantia polymorpha) and Haplomitriopsida (Treubia lacunosa and Haplomitrium sp.) and dark cells of Devonian liverworts
Pallaviciniites devonicus andMetzgeriothallus sharonae. (a) Light micrograph of unistratose leaf of leafy liverwort Bazzania with 4–5 oil bodies per cell.
Chloroplasts can be seen around perimeters of cells. (b) Light micrograph of shoot tip of simple thalloid R. chamedryfoli showing a single, medium-sized oil
body in each cell. (c) Granular oil bodies of simple thalloid Pallavicinia ‘wing’, showing several per cell, light micrograph. (d) Ventral epidermis of
Conocephalum showing three idioblasts. (e) Gemmae cup ofM. polymorphawith oil bodies visible along rim of cup. (f) Leaf-like appendage of
T. lacunosa. (g) Light micrograph of leaf of Haplomitrium showing many ‘glistening’ oil bodies per cell. (h) Cells of unistratose ‘wings’ of fossil taxa
P. devonicus (Hueber) Schuster and (i) cells ofM. sharonae. (h, i) Bars, 0.1 mm. Oil bodies often appear white in reflected light (e, f).
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supported by research that shows that terpenoids similar to those
found in liverwort oil bodies have antimicrobial and antiherbi-
vore effects in vascular plants (Lange, 2015; Tanaka et al., 2016).

The first Paleozoic fossil liverworts were described by Walton,
who discovered five taxa from the Middle and Upper Carbonifer-
ous, including Metzgeriothallus metzgerioides (Walton) Schuster
and Treubiites kidstoni (Walton) Schuster (Walton, 1925, 1928;
Schuster, 1966, 1981). The Late Devonian liverwort Pallavici-
niites devonicus was described by Hueber (1961) and was accepted
as the oldest fossil liverwort until the spectacularly well-preserved
Metzgeriothallus sharonae was discovered occurring in large num-
bers in a lens of dark-gray shales in a Middle Devonian (c.
388Ma) outcrop in New York State (Hernick et al., 2008). The
two Metzgeriothallus species and P. devonicus had similar
morphologies, composed of dichotomously branching multistra-
tose midribs surrounded by unistratose wings, with P. devonicus
distinguished by also having a rhizomatous portion (Schus-
ter, 1966). Metzgeriothallus and Pallaviciniites have been placed
in separate simple thalloid lineages within the Jungermanniop-
sida. All these Devonian and Carboniferous taxa were discovered
in fine shales and mudstones and, despite their relative rarity, are
usually very well-preserved, exhibiting fine cellular detail (Wal-
ton, 1925, 1928; Hueber, 1961; Hernick et al., 2008).

A notable feature of many of these fossils is the presence of
dark, scattered cells that appear denser and more opaque than the
surrounding cells (Fig. 1h,i). These cells have been described as
possible storage cells (Hernick et al., 2008) or the site of waste
accumulation or secretory cells (Walton, 1925). Schuster (1966)
compared them to the oil body cells found in some extant
lineages, an explanation that seems most likely if a homologous
structure in modern groups is to be proposed. Other types of spe-
cialized cells/structures can occur in liverworts, such as endogen-
ous gemmae (asexual propagules) in the Fossombroniaceae, but
these are found only on occasion in some individual plants and
are confined to specific parts of the plant (B. Crandall-Stotler,
pers. comm.). As far as specialized cells that are ubiquitous and
occur on all parts of the plant, the only example in extant liver-
worts is the specialized oil body cells found in the Treubiales and
the Marchantiales. Although Schuster placed the Carboniferous
taxon Treubiites kidstonii in the modern Treubiaceae based on
other characters, he did note that the presence of scattered dark
cells supported the placement (Schuster, 1984). As oil bodies
found only in idioblastic cells are not a characteristic of any
extant taxa in the Jungermanniopsida today, the discovery of
idioblasts in Metzgeriothallus and Pallavaciniites would place the
specialized oil body cells in all three lineages of liverworts. Alter-
natively, it could call into question the placement of the fossil
taxa in the Jungermanniopsida. Initial observations of the M.
sharonae fossils suggest that the dark cells are more numerous
near the edge of the unistratose thallus wings (Labandeira
et al., 2013), a situation also occurring in at least some cases of
modern liverworts; for example, in asexual propagules of M. poly-
morpha, oil body cells are more frequent around the perimeter of
the multistratose disk-like structures (Romani et al., 2020). Con-
firmation of this observation would lend support to the proposed
function of oil bodies as antiherbivory, as the margin of a foliar

structure would be more likely to be attacked by some herbivores
(Labandeira et al., 2013).

By definition, homologous structures should be in the same
relative position; be made of the same materials; and develop in
the same way (Owen, 1848; Roth, 1988). In the case of fossils,
we cannot follow development very precisely, but the large num-
bers of fossil specimens of M. sharonae available provide an
opportunity to compare the position and frequency of the cells to
those of some modern taxa, and the remarkable preservation of
the Cairo fossils allows us to take a closer look at the structure
and composition of the dark cells themselves. As M. sharonae is
the oldest generally accepted liverwort, occurring at a time when
the main extant lineages may not all have yet diverged (Heinrichs
et al., 2007), it could provide insight into the evolution of oil
bodies and into the function of these unique organelles. We iso-
lated M. sharonae fossils from the shale to study the cells more
closely with microscopy and to look for patterns of occurrence in
the fossil plants to compare to modern taxa. The distribution of
specialized oil body cells in the individual plants of the Marchan-
tiales and other groups that possess these cells has not been
described in the literature beyond presence/absence in a particu-
lar taxon, as detailed descriptions of oil bodies are chiefly used
taxonomically in the Jungermanniopsida. Therefore, direct obser-
vations were made with fresh collections of Treubia lacunosa and
complex thalloid taxa Targonia hypophylla and Monoclea forsteri.
We then tested the observation of increased frequency of dark
cells near the margins of M. sharonae thalli, and quantitatively
compared dark cell and oil body cell frequency and distribution
in the unistratose ‘wings’ of fossil taxa M. sharonae and P. devoni-
cus and the unistratose portion of the leaf-like appendages of
T. lacunosa.

Materials and Methods

Selection of taxa to use for quantitative comparison

While the unistratose ‘wings’ of the fossil liverworts provide a
relatively generous expanse of cells in which to study the relation-
ship of the idioblastic cells to the nonidioblastic cells, finding a
modern analog for quantitative comparison was challenging. In
the case of the complex thalloid liverworts, most parts of the
plants are multistratose, and it is not possible to consistently sec-
tion one-cell-thick slices. Complex thalloids do produce unistra-
tose scales from the ventral portion of the thallus. An attempt
was made to use these but was abandoned, as the scales are small,
deeply pigmented structures, and the idioblasts were often clus-
tered near their bases while rare otherwise. Of the Treubiales,
Apotreubia nana appears to most closely resemble theM. sharonae
fossil liverworts in oil cell distribution, especially in the relative
lack of size dimorphism (Inoue & Hattori, 1954). Unfortunately,
it was not possible to obtain A. nana specimens for this study.
Therefore, for the quantitative comparisons, we used T. lacunosa,
which, while otherwise multistratose, has a region in the tips of
their leaf-like appendages that is both unistratose and large
enough to provide enough cells for comparison. Although the
‘wings’ of M. sharonae and the ‘leaf’ tips of T. lacunosa may not
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be strictly homologous structures, they are analogous as otherwise
unspecialized laminar photosynthetic organs.

Sample collection and processing

Extant taxa: Targionia hypophylla L. was collected in Sonoma
County, California. Fresh material of Monoclea forsteri Hook.
was collected from Stewart Island in New Zealand. Hand sec-
tions of T. hypophylla and M. forsteri were made using a
single-edged razor blade. The sections were hand-cut as thinly as
possible, generally 2–3 cells thick. They were imaged while the
material was still fresh at 100× magnification using a Leica com-
pound microscope fitted with a digital camera.

Fresh material of Treubia lacunosa (Colenso) Prosk. was col-
lected from four localities in New Zealand’s South Island. A small
number of individual plants was collected from several areas at
each locality. For the quantitative studies, 2–6 undamaged ‘leaf’
tips per T. lacunosa shoot were used, from the ‘middle’ leaves only
from each individual plant, mainly the unistratose region.

Fossils: Metzgeriothallus sharonae material was collected from the
Cairo Quarry, NY State, in August 2011 and June 2012. This
locality is an old quarry located just south of New York State Route
145 at the Cairo Highway Department headquarters, 3.22 km NW
of Cairo, Greene County, NY (42.32°N and 74.04°W, NAD 83).
The material was collected from three locations c. 3 m apart along
the 25m wide exposed lens of dark-gray shales and mudstones in
which the liverworts were discovered. Unmacerated material (still
in the shale matrix) of P. devonicus collected from the type locality
by Fran Hueber was obtained from NMNH (Accession no.
348094) for the purposes of this study. Shale fragments were
immersed in 49% hydrofluoric acid in order to dissolve the shale
matrix. The isolated carbonaceous fossils were rinsed in water until
a neutral pH was obtained, and then rinsed two more times.
Selected specimens were dehydrated to a 50% glycerin solution,
then the fossil fragments were mounted on glass slides and fixed
with permanent slide mounting medium (Glycerin Gelatin).

For the quantitative analyses, 120 M. sharonae samples were
selected based on the following criteria: unistratose thallus frag-
ments larger than 1 mm × 1 mm that showed good preservation
and included a portion of the midrib. Specimens were chosen
from a variety of rocks from the three different locations along
the layer. The selected specimens were permanently mounted on
glass slides and imaged at 100× magnification, all at the same
orientation, with the midrib partially visible along the lower edge
(this was so the photos could be oriented the same – the midrib
itself was not included in the analyses). Closer examination of the
photographs showed that many specimens had other dark types
of structures in their cells, and many had variably faded dark cells
in multiple shades of gray. Also, many specimen images included
damaged areas. The original 120 photographs were eventually
narrowed down to those specimens that had little damage, clearly
defined dark cells, and little evidence of other cellular structures
that could be confused with possible oil bodies, leaving 55 speci-
men photographs to use for quantitative analyses.

Specimens were photographed through a Nikon D90 digital
camera mounted on a Leica DMRB compound microscope.

High-resolution images of the mounted specimens were taken
with a Leica DM2500 microscope using Differential Interference
Contrast, a Plan Apo 63× Oil objective, and a Nikon DS-Fi1
Digital Camera. Extended depth of field images were generated
using Adobe Photoshop’s stacking feature.

SEM and stereo microscopy

Specimens still on the matrix were initially examined with a Leica
Wild MZ8 stereo microscope using a polarized fiber optic light
source and a rotatable analyzer in order to increase contrast (Her-
nick et al., 2008). Water or cedarwood oil was applied to rock
surfaces with a fine brush before photographing the compressions
to help resolve details (Hernick et al., 2008). For higher magnifi-
cations, a Nikon D90 digital camera mounted on a Leica DMRB
compound microscope was used. Scanning electron microscopy
(SEM) was done with the Hitachi TM-1000 SEM on uncoated
specimens.

Cell counts, morphology, and spatial distribution for fossil
and extant taxa

We analyzed the number, morphology, and spatial distribution of
dark cells in M. sharonae and P. devonicus, and oil body cells in T.
lacunosa. We first segmented a subset of the specimens (those
where cell walls could be clearly distinguished) with the deep
learning-based cell segmentation software cellpose (Stringer
et al., 2021). We subsequently performed manual corrections of
badly segmented cells. After segmentation, we annotated and
labeled cell types (dark vs light for M. sharonae and P. devonicus,
and oil vs non-oil body cell for T. lacunosa). Finally, we extracted
positional (cell locations and cell neighborhoods) and morphologi-
cal properties (cell area, perimeter, and cell wall lengths) from the
labeled image. Because only three specimens of P. devonicus were
well-preserved enough for analysis, all three were used, and all cells
(excluding the midrib) of each specimen were counted. The same
pipeline was applied to the photographs of the ‘leaf’ tips of T. lacu-
nosa in order to use a similar area for the extant and extinct taxa.
However, this meant that portions of the ‘leaf’ that were more than
one cell thick were included. Care was taken when imaging and
counting to focus on the nearest layer of cells in those cases.

To quantify the regularity of dark cell patterns in M. sharonae,
we measured the proportion of dark cells relative to the total
number of cells in each sample. We then identified clusters of
adjacent dark cells and defined the proportion of isolated idio-
blasts as the fraction of clusters consisting of a single dark cell.
This metric provides an estimate of the likelihood that dark cells
occur in isolation. Additionally, we measured the pattern autocor-
relation through Moran’s I statistic (Moran, 1950), defined as:

I =
N

W

∑N
i ,jwij x i�xð Þ x j�x

� �

∑N
i x i�xð Þ2

where N is the total number of cells in the sample, x i are the
values associated with each cell (x i = 1 for dark cells, xi = 0 for
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light cells), x = 1
N ∑N

i x i is the average value of x i (equivalent to
the density of dark cells), wij are the spatial weights between cells
i and j, and W=∑N

i ,jwij is the sum of all spatial weights, acting
as a normalizing factor. For the weights, we used a binary adja-
cency matrix such that wij = 1 if cells i and j are neighbors and
wij = 0 otherwise. Values of I larger than 0 indicate positive spa-
tial autocorrelation or clustering, while values smaller than 0
indicate negative spatial autocorrelation or dispersion. Values c. 0
indicate randomness, without any regularity in the spatial pat-
tern. We compared these metrics in fossil samples to the patterns
expected under a null model in which each cell independently
adopts a dark or light state at random. In this model, the overall
frequency of dark cells is governed by a single parameter, p, repre-
senting the probability that a given cell becomes dark. For any
fixed value of p, all pattern statistics are fully determined. By esti-
mating p from the observed frequency of dark cells, we can assess
whether the proportion of isolated idioblasts and Moran’s I are
consistent with the predictions of the random model. Deviations
from these expectations indicate that dark cell patterns cannot be
explained by independent random specification, and instead sug-
gest the presence of cell-to-cell interactions generating spatial reg-
ularity. The same metrics were measured for dark cells in fossil P.
devonicus, and for oil body cells in T. lacunosa.

To test the hypothesis of increased frequency of dark cells
near the edges of the thallus wings, the 55 M. sharonae images
were narrowed down to those that included an entire thallus
margin opposite the midrib. Ten images fit this criterion. For
each specimen, we measured the distance of each oil body from
(but not including) the midrib relative to the thallus margin.
Because the margin is curved and the fossil thalli were not all
the same size, we used distance ratios ranging from 0% (dark
cells directly adjacent to the midrib) to 100% (dark cells on the
outer edge of the wing). It should be noted that the cells in first
row of cells adjacent to the midrib are generally of a transitional
shape and are very thin-walled, and sometimes a few cells are
missing because the thalli tend to pull away from the midrib.
For these reasons, we measured distances from the first row of
typically shaped cells.

Results

Characterization of dark cells ofM. sharonae (microscopy)

The dark cells of both midrib and wing are partially to comple-
tely opaque in transmitted light. In some specimens, there are
round holes in the fossils that occur within the dark cells; in
other cases, portions of the dark cells are partially separated but
still remain attached. The holes, or detached portions, form
nearly perfect circles, even when they occur in the greatly elon-
gated cells of the midrib (Fig. 2a,b,d). When observing the shale
surface with polarized light, black dots are often visible in a
similar arrangement as the dark cells of nearby fossil thalli
(Fig. 2c). These may be the remains of the dark cell contents
that adhered to the shale surface while the rest of the thallus
wing did not.

Scanning electron microscopy

When the uncoated fossils were imaged with SEM, the dark cells
appeared consistently darker than other cells, even though there
was little to no variation in surface height (Fig. 2e). Fig. 2(f–h)
show increasingly close views of a portion of one of the dark cells
that is breaking away from the rest of the fossil. The part that is
pulling away is almost perfectly circular, suggesting that it may
represent an earlier stage of the process producing the circular
holes in the dark cells.

General distribution of dark cells in fossil taxa

The vast majority of M. sharonae specimens that were isolated
from the shale possess the scattered, dark cells in both the mid-
rib (comprised of 2–3 layers of elongate cells) and in the uni-
stratose wings of the thallus. The dark cells are more numerous
in younger tissues, such as in branch apices (Fig. 3a) and new
branches budding off the main thallus (Fig. 3b,d). Very occa-
sionally, specimens lack dark cells entirely, possibly because
these tissues had died before deposition, and some have cells
with varying shades of gray (Fig. 3a except for apex). There was
variation in the apparent density of dark cells, and occasionally,
M. sharonae specimens exhibited an uncharacteristically large
number of dark cells, often in combination with other atypical
features. For example, part of a thallus fragment might have
> 50% dark cells, while other areas might have fewer dark cells,
separated by an irregular border (Fig. 3c). In these and other
liverwort fragments that had higher numbers of dark cells com-
pared to light cells, the dark cells were often clustered or in
rows of 2–4 dark cells (Fig. 3c,e). There was a concentration
of dark cells around M. sharonae’s ventral branch bases
(Figs 3d, 4a).

Maceration results were disappointing as far as P. devonicus.
While the shale samples looked promising on the surface,
where the liverworts were faint but clearly visible, the thalli
were extremely fragmented upon isolation from the matrix.
Several fragments were recovered that were just large and
well-preserved enough to use in the quantitative comparisons;
unfortunately, no intact macrofossils of P. devonicus were
recovered.

General distribution of oil body cells in extant taxa

The idioblastic cells were distributed unevenly in the multistra-
tose regions of the extant taxa. The frequency of oil bodies was
much higher in the ventral branch bases of the modern taxon
Targionia hypophylla than in other parts of the plant as shown in
longitudinal section (Fig. 4b). Cross section of T. lacunosa axis
showed oil body cells concentrated around the central portion of
the main thallus, particularly surrounding the region of fungal
endophytes and in or very close to both the upper and lower epi-
dermal tissues (Fig. 4c). The oil body cells of M. forsteri were
similarly found among cells containing chloroplasts in the epider-
mal regions, both dorsal and ventral (Fig. 4d).
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Quantitative comparison of dark cells (fossils) and oil body
cells (extant taxa)

In M. sharonae, dark cells are smaller than other cells (Fig. 5d,f).
Most oil body cells in T. lacunosa have similar sizes to nonoil
body cells, but a small fraction acquires disproportionately large
sizes (Fig. 5e,g).

The proportion of dark cells of the two fossil taxa M. sharonae
and P. devonicus and oil body cells of the extant taxon T. lacunosa
shows a high degree of conservation both within various T. lacu-
nosa populations and across all taxa (Fig. 6a). All T. lacunosa
populations showed a frequency of oil bodies within a range of
10–20%.M. sharonae and P. devonicus both had median frequen-
cies in the same range, although the sample size of P. devonicus
was only three specimens. The area coverage of dark cells was

comparable between M. sharonae and P. devonicus, but slightly
higher for oil body cells in T. lacunosa due to their larger average
size (Fig. 6a).

In most M. sharonae thalli, dark cells are spatially dispersed
across the tissue (Fig. 5a), resulting in a significantly higher pro-
portion of isolated idioblasts than predicted by the random
model of independent cell specification (Fig. 6b). Their arrange-
ment also shows signs of spatial regularity, as reflected by negative
values of Moran’s I statistic (Fig. 6c), indicating that dark cells
tend to avoid close proximity to one another. In specimens where
dark cells are more densely packed, they sometimes form linear
clusters, suggesting that spatial constraints or developmental
dynamics may influence local patterning. These observations
point to a nonrandom, possibly regulated mechanism underlying
dark cell placement.

Fig. 2 Characterization of dark cells ofMetzgeriothallus sharonae; (a, b) Circular center of dark cells partially or completely separated from fossil visible in
light microscopy. (c) Surface of shale matrix photographed using polarized light showing liverwort thallus remains on right, on left are what may be
remains of dark cells only (circled). (d) Light micrograph ofM. sharonae specimen showing circular cracks and round holes in many of the dark cells.
(e) Scanning electron micrograph of uncoated surface of shale fragment near the region of a branch dichotomy. (f–h) SEM of a dark cell in the thallus wing
that is beginning to separate. MDC, midrib dark cell; WDC, wing dark cell.
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Distribution of dark cells in the unistratose ‘wings’ of
M. sharonae

The dark cells in M. sharonae are present in a much higher fre-
quency along the edge of the fossil thalli compared to elsewhere
in the thallus wings (Fig. 6d,e). The distribution of dark cells in
the remainder of the thallus is relatively even, at least in terms of
‘lateral’ spread of dark cells between midrib and edge; the ‘longi-
tudinal’ spread along the thallus was not measured, although it
appears similarly evenly distributed. There is relatively little dif-
ference in frequency in any region from 0 to 70% away from the
midrib; however, there are 2–3 times more oil bodies in the 30%
of the wings closest to the edge, and the last 1/10 of the graph
shows a very large peak indicating a much higher concentration
of oil bodies along the thallus edge than in the rest of the thallus
wing (Fig. 6e). The 10 thalli that were used for the distribution
analysis were by necessity on the small end of the thallus size dis-
tribution, as only those specimens that showed both a portion of
midrib and an entire edge in the 100× magnification photo-
graphs were used in the analysis. This suggests they may have
been relatively young thalli. As has been previously observed, the
multicellular gemmae of M. polymorpha show a high

concentration of oil bodies around the margins of the
disk-shaped structures (Fig. 6f).

Discussion

Characterization ofMetzgeriothallus dark cells

Although more investigation into the chemical composition of
the fossils is needed, the observations with SEM, light, and
stereo microscopy are consistent with a physical similarity
between the fossil dark cells and oil body cells of modern liver-
worts. In particular, the round holes and ring-shaped cracks in
the dark cells of many of the fossils likely represent indirect evi-
dence of the former membrane-bound organelles. Similar
round holes and ring-shaped cracks that reflect underlying
internal structures have been found in other plant fossils that
were recently recovered from the same layers at the Cairo local-
ity and that have presumably been subjected to the same tapho-
nomic processes. In the case of the recent discoveries, vascular
plant sporangia show similar ring-like breakage lines, indicating
spores that are not visible because of the dark, dense sporan-
gium and occasional round holes in the sporangia in which

Fig. 3 Variation in distribution of dark cells
of fossil taxonMetzgeriothallus sharonae.
(a) Shoot apex with more concentrated and
opaque dark cells in growing region.
(b) Young thallus growing from midrib has
higher concentration of dark cells in its
‘wings’ compared to those of the parent
thallus. (c) Clearly defined region in lower
right part of thallus has more dark cells.
(d) New thallus branch with more dark cells
compared to light cells in thallus wings than
typically found in larger thalli. (e) Fragment
with many dark cells, some in rows or
clusters. All light micrographs of whole
specimens. Bars, (a, d) 0.1mm; (b, c, e)
1 mm.
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spores would have been. In other specimens, the spores can be
seen clearly, emerging from or outside the sporangium, and the
size is identical to the rings and holes. Liverwort oil bodies are
distinguished by having a membrane (as opposed to oil droplets
and other structures commonly referred to as oil bodies that are
found in the cells of many organisms). In the rapid fossilization
of the depositional event, the oil body membrane may have
persisted for some time, causing a difference in preservation
density or in the composition of the fossil inside vs outside the
membrane, leading to a plane of breakage caused by tapho-
nomic processes such as compression.

Spatial patterning of dark cells and oil body cells

Dark cells in M. sharonae are spatially distributed into regular
patterns, as evidenced by the high proportion of isolated idio-
blasts and the negative values of Moran’s I statistic (Fig. 6b,c).
Regular spacing of distinct cell types is a distinctive hallmark of
lateral inhibition, a mechanism in which cells that adopt a parti-
cular fate inhibit their neighbors from doing the same (Lanford
et al., 1999; Kageyama et al., 2008). Such interactions typically
produce ‘salt-and-pepper’ patterns, in which differentiated and
undifferentiated cells are interspersed in a periodic, nonrandom

manner (Collier et al., 1996; Cohen et al., 2023). The spatial
arrangement of dark cells in M. sharonae closely resembles these
regular patterns, suggesting that lateral inhibition may underlie
their differentiation. In plants, lateral inhibition has been shown
in the specification of several epidermal cell types, including leaf
trichomes, root hairs, and stomata in Arabidopsis (Schellmann
et al., 2002; Lee & Schiefelbein, 2002; Ishida et al., 2008; Hara
et al., 2007; Lee et al., 2015), and rhizoids in Marchantia
(Thamm et al., 2020; Mercadal et al., 2026). Our results raise the
possibility that a similar mechanism governed the differentiation
of oil body cells inM. sharonae.

Interestingly, the patterns of oil body cells in T. lacunosa also
exhibit a high proportion of isolated idioblasts and negative
values of Moran’s I (Fig. 6b,c), indicating a non-random, spa-
tially regulated distribution. A similar pattern can be observed in
M. polymorpha, in which oil bodies are preferentially found in
idioblasts that lack immediate neighbors with oil bodies (Fig. 6f;
Romani et al., 2020), reinforcing the idea of spatial separation.
Together, these observations further support the homology of
dark cells with oil body cells and suggest that a mechanism of pat-
terned cell-type specification has been conserved since at least the
Late Ordovician to regulate oil body cell differentiation. This
long-term conservation points to the developmental and possibly

Fig. 4 Concentration of dark cells of fossil taxonMetzgeriothallus sharonae and oil body cells of extant liverworts Targionia hypophylla, Treubia lacunosa,
andMonoclea forsteri in branching points and epidermal tissues. (a) Light micrograph of whole specimen ofM. sharonaewith two ventral branches with
concentration of dark cells at branch bases. (b) Light micrograph of longitudinal section of T. hypophyllawith arrows showing concentration of oil body
cells at base of ventral branch point. (c) Cross section of T. lacunosa axis showing oil body cells concentrated near surface and around central region near
concentration of fungal endophytes which are indicated by arrows. (d) Light micrograph of cross section ofMonoclea forsteri showing oil body cells
concentrated in ventral epidermal tissues. Several rhizoids are visible. Bars, (a–c) 1mm; (d) 0.1mm.
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ecological significance of positioning oil body cells in a dispersed
manner within the tissue.

Frequency of dark cells and oil body cells

Our quantitative comparisons show that the frequency of oil
body distribution is highly conserved between and within the
four T. lacunosa populations and the two Devonian fossil taxa
and may imply a conserved function. Our T. lacunosa counts
were slightly higher than those found by Glenny et al. (2015).
This could be a result of the different methods used. Rather than
count a specific number of cells, as they did, we counted all the

cells in a squared-off area. Additionally, we counted into the mul-
tistratose region in order to use a similar area of tissue for all taxa,
and although we were careful to count only one layer, that turned
out to be difficult in practice, possibly leading to a slight over-
count.

It should be mentioned that Treubia species vary considerably
in oil body cell frequency (Glenny et al., 2015), so these results
are not representative of all extant liverwort taxa with specialized
oil body cells. Treubia pygmaea, for example, exhibits similar size
dimorphism to T. lacunosa, yet many, and in some populations
most, of the smaller cells also contain oil bodies. The differences
among three Treubiacae species are illustrated in Fig. 7.

Fig. 5 Cellular analysis of dark cells and oil body cells inMetzgeriothallus sharonae and Treubia lacunosa. (a–c) Segmentation pipeline for cellular analysis.
For every image, cells are segmented with cellpose and subsequently labeled by type (in (c) dark cells are blue, light cells are yellow). This pipeline allows a
systematic quantification of cell sizes. (d, e) Representative segmentations ofM. sharonae (d) and T. lacunosa (e), coloring cells according to their area.
Black circles in cell centroids mark dark/oil body cells. (f, g) Distribution of cell sizes inM. sharonae (f) and T. lacunosa (g). InM. sharonae, dark cells are on
average smaller than light cells, while in T. lacunosa, oil body cells are on average bigger than nonoil body cells. However, in T. lacunosa the size
distribution of oil body cells has a long tail, with some cells becoming very large. Statistical significance was computed with the Mann–Whitney U-test;
***, P< 0.01.
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Antiherbivory hypothesis

Our results confirm the observation of increased dark cell fre-
quency near the edge of the vegetative M. sharonae thalli noted

by Labandeira et al. (2013), at least in younger thalli, supporting
their suggestion of a possible early oil body antiherbivory func-
tion that was also based on evidence of margin feeding in some
M. sharonae specimens (Labandeira et al., 2013). Our

Fig. 6 Spatial statistics of dark cells (fossil taxaMetzgeriothallus sharonae and Pallaviciniites devonicus) and oil body cells (extant taxon Treubia lacunosa).
(a) Cell proportion and percentage of surface area taken up by dark cells (fossils) and oil body cells (extant taxa) vs the total area for the four T. lacunosa
populations and the fossil taxonM. sharonae. (b) Isolated idioblast proportion of fossil and extant taxa compared to what is expected if the same
proportion (c. 0.15) of dark/oil body cells is randomly distributed across the tissue (rand.). (c) Moran’s I statistic of dark/oil body cell patterns, showing a
significant tendency toward negative values, verifying the dispersion between dark/oil body cells. Statistical differences were tested using ANOVA
followed by Tukey HSD P< 0.01; letters indicate statistically significant groups. (d) Light micrograph showing a portion of unistratose wing ofM. sharonae
with apparent concentration of dark cells near the thallus edge. (e) Frequency distribution of the relative distance of dark cells from the thallus wings ofM.

sharonae to the midrib, obtained by combining all data points for 10 specimens (812 dark cells total) and assigning them to 10 bins. (f) In the extant
liverwortMarchantia polymorpha, oil body cells are concentrated near the edges of asexual propagules. The oil bodies ofM. polymorpha appear white in
reflected light. Bar, 0.1 mm.

Fig. 7 Diversity of oil body cells in ‘leaves’ of extant species in the Treubiales. Left, Apotreubia nana (from Inoue & Hattori 1954, used with permission.);
middle, Treubia lacunosa; right, Treubia pygmaea.
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observations of increased frequency of the fossil dark cells in
growing areas, such as shoot apices and young thallus branches,
also support the antiherbivory hypothesis of oil body function, as
these young tissues would presumably be more vulnerable to her-
bivory. This also supports the oil body homology hypothesis, as
oil bodies are known to disappear in older tissues in extant liver-
worts, and in some taxa, such as the leafy liverwort Lepicolea
attenuata, they are only visible in young leaves (Stewart, 1978).
In the multistratose regions of T. lacunosa and M. forsteri, most
oil body cells are concentrated in the cell layers near the upper
and lower epidermis, which may indicate a similar protective
function. The function of the increased frequency noted around
the central region of endophytic fungi of T. lacunosa and ventral
branch bases of both M. sharonae and T. hypophylla is less clear
and may represent alternative functions.

Evolutionary implications

Neither of the modern simple thalloid lineages in which the two
Devonian fossil taxa have been systematically placed possess spe-
cialized oil body cells today (Schuster, 1966; Crandall-Stotler
et al., 2005; Forrest et al., 2006). Modern liverworts in the Metz-
geriaceae have secondarily lost oil bodies, or on rare occasions
possess numerous, minute ‘oil droplets’ in each cell (Schus-
ter, 1992), while their close relatives have oil bodies in all or most
cells. In the family Pallavicinaceae, oil bodies are found in most
cells of the plant, with each cell usually containing several oil
bodies rather than one large oil body (Schuster, 1966). The dis-
covery of oil body cells in Pallaviciniites andMetzgeriothallus puts
specialized oil body cells in all three main lineages: in extant taxa
in the Haplomitriopsida and Marchantiopsida, and fossil taxa of
both simple thalloid lineages of the Jungermanniopsida. Alterna-
tively, M. sharonae and/or P. devonicus may be more accurately
placed in the Marchantiopsida, or as ancestors before the
Marchantiopsida–Jungermanniopsida split, or (more likely) in a
stem group that is sister to the Marchantiopsida–
Jungermanniopsida clade that went extinct (Flores et al., 2023).

The possibility that idioblasts are found in all three lineages,
including in the oldest fossils of the one group that does not pos-
sess them today, suggests that idioblasts may have been the ances-
tral state of liverwort oil bodies and challenges the current view
that the ancestral state of oil bodies is many oil bodies per cell
(Crandall-Stotler et al., 2005). The three species represented in
Fig. 7, while contemporaneous, illustrate a possible evolutionary
sequence from idioblasts to oil bodies in all cells.

Our results support the hypothesis that the dark, scattered cells
of M. sharonae and P. devonicus and other fossil liverworts are
homologous to the specialized oil body cells of extant liverworts.
The M. sharonae fossils show evidence of the unique membranes
of liverwort oil bodies; idioblastic oil body cells are found in
higher concentrations in similar parts of both fossil and modern
plants; and the distribution of idioblasts is remarkably similar in
the unistratose photosynthetic organs of both extinct and extant
liverworts, indicating a conserved mechanism. These results pro-
vide an important character that can be used in identifying fossils
and elucidating oil body evolution and function.
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