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Introduction

Monocarpus sphaerocarpus D.J.Carr is a relatively rare and
intriguing Southern Hemisphere liverwort. With extant
plants known only from a few locations in Victoria, South
Australia and Western Australia (Fig. 1), it is typically
found growing on subsaline soils around saline lakes or
near coastlines (Figs 2a, b). When initially described by
Carr in 1956, its placement within the liverworts was not
entirely clear (Carr 1956). Carr considered it closely related
to Sphaerocarpos Boehm. and raised a new suborder
Monocarpineae to accommodate the new species but
argued that Monocarpus D.J.Carr, Sphaerocarpos and allied
genera should be placed within the order Marchantiales.
Subsequentauthors have debated its position (see summary
in Forrestetal. 2015). It was not until molecular data became
available that this species was finally confirmed to be sister
to members of the Sphaerocarpaceae, supporting its place
within the Order Sphaerocarpales (Forrest et al. 2015).

Abstract

Populations of the complex thalloid liverwort Monocarpus
sphaerocarpus D.J.Carr (Monocarpaceae) found in a
disjunct distribution across southern Australia were
sequenced to investigate whether plants found in
eastern Australia were a different species from those
found on the west coast of Australia, in line with potential
differences in spore morphology. Sequences from five
plastid gene regions were generated from specimens
collected from several populations found in the states of
Victoria, South Australia and Western Australia and spore
morphology was reviewed using light and scanning
electron microscopy. All individuals belonged to a

single haplotype on the basis of the five plastid markers
psbA-trnH, trnL-F, rbcL, rpoC1, and rps4-trnAS. Moreover,
observed morphological differences were not consistent
with geographical provenance and more likely indicative
of infraspecific variation or difference in spore maturity
when collected. These results support the recognition of
only a single species in Australia.
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In this same study, Forrest et al. (2015) compared
spores from Australian populations with spores from
the single known South African collection of the species
(Perold 1999), finding distinct differences between the
South African and Australian plants. Forrest et al. (2015)
also suggested that plants from populations in Western
Australia may not be conspecific with those in Victoria,
based on spore differences: the cingulum is more
pronounced in the Victorian populations than that of
the Western Australian population (Figs 2d, e). Moreover,
the disjunct distribution was cited as possible evidence
for the recognition of two different species (Forrest et
al. 2015). In our study, several Australian populations
were sampled in the eastern, southern and western
parts of the country, and five molecular markers were
sequenced from these samples in order to investigate
the delimitation of the taxa.

Materials and methods

Molecular data: DNA extraction, amplification
and sequencing

Samples of Monocarpus sphaerocarpus were obtained
from a number of recent collections from previously
known localities in Western Australia and Victoria, as
well as from two new localities in South Australia (see
Table 1). In total, 12 new samples were collected (five
from Western Australia, five from Victoria and two
from South Australia) and compared to a previously
studied specimen from Western Australia (Forrest et al.
2015). DNA extractions were performed using a Qiagen
DNeasy Plant Mini kit following the manufacturer’s
instructions (Qiagen, Melbourne, Victoria, Australia).
Five plastid gene regions were amplified: rbcL, rpoC1,

Timor Sea
NORTHERN
TERRITORY RN
QUEENSLAND
o Australia
WESTERN :
AUSTRALIA BrishSRe
o SOUTH
AUSTRALIA
Perth
[¢] () ° NEW SOUTH Newcastle
® WALES o
- o)
° Ad®laide
Great ®° ‘. Sy
Augtraf{ian ® ACT
t :
'9 Q/ICTORIA '
O 2
Melbourne
ﬁ Tasmi
TASMANIA ———e—
3 Okm 250km 500km

Map data ©2017 Google

Figure 1. Map of known locations of Monocarpus sphaerocarpus in Australia, indicated by red filled circles, including locations of

populations sampled for this study as blue filled circles
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trnL-F, psbA-trnH and rps4-trnAS. Some DNA sequence
data was also generated for accessions from four species
of Sphaerocarpos, for the restricted set of plastid regions,
rpoC1, rbcL. and psbA-trnH (Table 1). Primer sequences
and amplification parameters are shown in Table 2. For
the amplification reactions, 1 pl of genomic DNA was
added to the following PCR mix: 2.5 pl 10 x NH, PCR
buffer, (Bioline, London, UK); 1.25 pl of MgCl, (50 mM);
2.5 yl dNTP (2 mM); 1 ul of each primer (10 uM); 0.3 pl
DNA polymerase Bioline BioTaq (5 U/pl"), and water to
a total volume of 25 pl. The PCRs were performed using
a Mastercycler pro S (Eppendorf, Hamburg, Germany).
The PCR products were sent to Macrogene (Seoul,
South Korea) for cleaning and sequencing. Sequences
were assembled and edited using Sequencher v. 5.4.1
(Gene Codes Corporation, Ann Arbor, Michigan, USA)
and aligned manually with Mesquite v. 3.04 (Maddison
& Maddison 2016) and inspected visually. GenBank
numbers are available in Table 1.

Morphology: scanning electron and light
microscope images of spores

Mature or near mature spores were taken from fertile
plants and placed in water on glass slides for light

microscopy. Photos of the habitat and plants in situ were
taken with a Canon Powershot G12 digital camera and
light micrographs were taken with a Nikon Coolpix 500
digital camera. For scanning electron microscopy (SEM),
spores were placed on double-sided sticky tape on
aluminium stubs, coated with gold and viewed using a
Zeiss EVO LS 15 Environmental SEM.

Results

Molecular data

Newly obtained sequences and sequences already
available in GenBank were aligned manually and
compared visually. Eleven new sequences were
obtained for rbcL (Table 1). They were aligned together
with the rbcL sequence of Monocarpus sphaerocarpus
available from GenBank (KT356975), but show no
variation among the 593 overlapping nucleotide sites.
Similarly, the six new Monocarpus sequences of rpoC1
(797 nucleotide sites) were identical, and identical
to the rpoC1 sequence available in GenBank for M.
sphaerocarpus (KT357003). All nine new Monocarpus
sequences of trnL-F (456 nucleotide sites) were the same.
No variation was seen between ten new sequences of

Table 2. List of PCR primers used to amplify the five markers psbA-trnH, rbcL, rpoC1, rps4-trAS and trnL-F. PCR conditions are

described as follows: initial denaturation, number of cycles x (denaturation, annealing, extension), final extension.

Gene Direction | Primer Primer sequence Authors PCR conditions
region name
psbA-trnH | forward psbA- TTTCTCAGACGGTATGCC C. Cox, Duke, NC, pers. 94°C (1 min), 35x [93°C (1
501F comm. min), 50°C (1 min), 72°C (3
reverse | tmHR GAACGACGGGAATTGAAC C. Cox, Duke, NC, pers. min)], 72°C (7 min)
comm.
rbcl forward rbcL-aaf ATGTCACCACAAACAGAGACTAAAGC | Kress & Erickson 2007 94°C (1 min), 35x [93°C (1
reverse | rbcl-aar | CTTCTGCTACAAATAAGAATCGATCTC | Kress & Erickson 2007 min), 50°C (1 min), 72°C (3
min)], 72°C (7 min)
reverse rbcl-634R | GAAACGGTCTCTCCAACGCAT Fazekas et al. 2008
rpoC1 forward rpoC1-LP1 | TATGAAACCAGAATGGATGG Kew website as cited 94°C (1 min), 40x [94°C (30
by Wynns & Asmussen- sec), 48°C (40 sec), 72°C (40
Lange 2014 sec)], 72°C (5 min)
reverse rpoC1-LP5 | CAAGAAGCATATCTTGASTYGG Kew website as cited
by Wynns & Asmussen-
Lange 2014
rps4-trAS | forward rps5 ATGTCCCGTTATCGAGGACCT Nadot et al. 1994 94°C (1 min), 35x [93°C (1
reverse | trnAS TACCGAGGGTTCGAATC Baker pers. comm. in Cox | MM, 20°C (1 min), 72°C (3
min)], 72°C (7 min)
et al. 2000
trnL-F forward trnLF-c CGAAATCGGTAGACGCTACG Taberlet et al. 1991 94°C (1 min), 35x [93°C (1
reverse | tmLF-f | ATTTGAACTGGTGACACGAG Taberlet etal. 1991 min), 50°C (1 min), 72°C (3
min)], 72°C (7 min)
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rps4-trnAS (1034 nucleotide sites), or between those
and the rps4-trnAS sequence available in GenBank
for M. sphaerocarpus (KT356985). Finally, no variation
was found between ten new Monocarpus sequences
of psbA-trnH (645 nucleotide sites), or between those
and the psbA-trnH sequence available in GenBank for
M. sphaerocarpus (KT356965). Obtained psbA-trnH
sequences were short as the reaction for the reverse
primer failed to sequence for nine out of ten samples.
Our psbA-trnH sequences are, therefore, based on the
single strand of the forward primer. A repeat at the 3’
end of psbA-trnH might have cause the sequencing
problem. Although data were missing for all five markers
(one sequence for rbcl, six for rpoC1, four for trnL-F,
two for psbA-trnH and two for rps4-trnAS), sequences
obtained came from specimens collected in all three
sites: Western Australia, Victoria and South Australia.
Based on our taxon sampling, none of these markers
shows any variation across the Australian distribution
range of the species (from Western Australia to Victoria).

Spore morphology

The spores of Monocarpus sphaerocarpus are more or
less hemispherical in equatorial view, between 42-60
pm in diameter and 40-50 um in height. The distal face
is distinctly spinose to tuberculate (Figs 2¢, e, g). The
proximal face is without a triradiate mark, may be flat
or concave in equatorial view, and with a structure not
unlike a short cylinder projecting from the proximal
face (Fig. 2f). On the proximal surface runs a cingulum
which is almost doughnut-shaped; within the ‘hole; or
central area of the cingulum, are a series of hole-like
depressions (Figs 2d, ). The spores from all popula-
tions were re-examined and ornamentation patterns
found to be more or less the same for the convex distal
face, which in all cases consists of numerous spine-like
or peg-like protuberances (Figs 2c¢, e). The variation
between Victorian and Western Australian popula-
tions, as also noted by Forrest et al. (2015), related

to the prominence of the proximal cingulum which
surrounds the central portion of the proximal face. In
equatorial view, this part of the proximal face projects
as a short solid cylinder surrounding the flattened to
slightly concave central part of the face (Fig. 2f). In
proximal view, this central area is ornamented with ir-

regular vermiform ridges and tubercles that form small,
irregular holes or areolae. Spores from the Victorian
populations have prominent cingula which are more or
less smooth (Fig. 2d), whereas the cingula of Western
Australian populations are variable with some spores in
the same capsule with smooth cingula similar to those
seen in the Victorian populations (Fig. 2g). In some
spores, the cingulum is not as prominent or smooth
but instead has raised uneven protuberances, making it
more textured in appearance (Fig. 2e). However, spores
have also been found within the Western Australian
populations that possess the more prominent smooth
cingulum, approaching those seen in the Victorian
spores. The South Australian spores are more similar to
the Western Australian spores, with a less prominent
cingulum, but this too can vary. Measurements and ob-
servations were made on two collections from Victoria
(Carrs.n. Nangiloc, Vic & Carr s.n. Salt Lake nr Nowingji,
Vic, both at CANB), which had open mature capsules,
and one from Western Australia (HMJ 171 at CANB),
which had capsules that are shrunken and intact and
therefore immature. The diameter range of the mature
Victorian spores is 52.5-65 um while those from the
Western Australian collections range from 37.5-55 um,
considerably smaller. Cingula are well developed and
prominent in equatorial views of the Victorian spores,
while the cingula of the Western Australian spores have
not developed at all. This observed variation amongst
populations can be due to natural variation within a
capsule, or amongst individuals within a population.
Given that capsules of different ages were compared,
the observed differences are explicable by different
stages of maturity of the spores, whereby the cingulum
did not fully develop until maturity.

Discussion

All individuals belong to a single haplotype on the
basis of five plastid markers. This was expected for the
gene regions rbcl and rpoCT1, but less so for the usually
more variable spacer regions trnL-F, psbA-trnH and
rps4-trnAS. No or little variation in markers commonly
used for species-level phylogeny of bryophytes has
previously been reported, e.g., for species in the moss
genera Bryum Hedw. (Holyoak & Hedends 2006) and
Drepanocladus (Mull.Hall) G.Roth (Hedends 2008). A
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Figure 2. a. Habitat of Monocarpus sphaerocarpus at Winninowie CP, South Australia; b. plants in situ at Port Augusta mud flats,
South Australia; c. distal view of spore from Carr s.n. collections from Victoria; d. proximal views of spores from Carr s.n. collections
from Victoria; e. proximal and distal view of spores from Western Australian collections, Jolley & Milne 171; f. equatorial view of
spore showing the cylindrical shape of the proximal cingulum from Carr s.n. from Victoria; g. proximal and distal view of another
two spores from the same capsule as e. from Western Australian collections, Jolley & Milne 171. All arrows indicate position of
cingulum on the proximal face of spore.
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lack of variation in common phylogenetic markers does
not mean that there is only one species. For example,
in the liverwort Frullania asagrayana Mont., although
the plastid loci that were sequenced proved invariant,
the use of microsatellite markers allowed detection of
reproductively isolated groups (Ramaiya et al. 2010).

In contrast, when we looked at within-species
sequence variation in a second Sphaerocarpalean
genus, Sphaerocarpos, only one of the four species
sampled had DNA sequences identical for all loci of
all accessions (Sphaerocarpos texanus Austin from
France, Portugal, Turkey and the United Kingdom - no
variation for rbcL and rpoC1, one base change in psbA-
trnH). Within the three other morphologically defined
species we sampled, the sequences from all three loci
were variable (S. stipitatus Bisch. ex Lindenb. from South
Africa and Nepal — one base change in rbcl; one base
change in rpoC1; four base changes in psbA-trnH; S.
drewei Wigglesw. from California, USA — two base
changes in rbcl; three base changes in rpoC1; one base
change in psbA-trnH; S. michelii Bellardi from France,
Portugal and the United Kingdom — up to nine base
changes in rbcl; up to seven base changes in rpoC1;
up to five base changes in psbA-trnH). As well as being
phylogenetically related, species in Sphaerocarpos share
some ecological features with Monocarpus, including a
tendency to occur in ephemeral habitats.

For Monocarpus sphaerocarpus, we consider that the
spore differences observed by Forrest et al. (2015) are
more than likely due to maturity of spores or natural
variation within the species (Figs 2d, e). In combination,
both the lack of variation within five plastid loci and
the lack of clear spore morphological differences
across Australian populations are consistent with the
recognition of a single species. The occurrence of asingle
chloroplast haplotype across Australia is indicative
of either the lack of any barrier to gene flow between
populations (i.e. long distance dispersal), or recent
range size expansion from a small ancestral population.
Population-level markers (e.g. microsatellites) would
need to be identified to explore the genetic structure
among the widely separated Australian populations of
M. sphaerocarpus.

As currently sampled, this species has a rather
disjunct distribution on the Australian continent.
However, it is rarely collected due to its small size and
ephemeral nature, and we have limited knowledge of
the duration of its colonies and its life history. Of the 37
collections in Australian herbaria, most were collected
in late winter to early spring. Only two sites in Victoria,
the Raak Plain and Lake Duchembegarra, have been
re-visited and the species relocated and recollected
after a period of approximately 50 years. One of these
sites, the Raak Plain, was re-visited again the following
November (2016) with no sign of the plant (Milne, pers.
obs.). Therefore, there is evidence that the lifespans of
individuals are most likely brief and their occurrence in
time and space sporadic, with all collections probably
the result of opportunistic encounters.
populations may not be truly disjunct, but may form

Known

part of a continuous distribution range comprising
yet-to-be-discovered populations
Australia, stretching from western Victoria through
South Australia, along southern Western Australia and
finishing up along the mid-west coast region of Western
Australia near Carnarvon.

across southern
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