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Recent innovations in high-throughput DNA sequencing methodology (next generation sequencing tech-
nologies [NGS]) allow for the generation of large amounts of high quality data that may be particularly
critical for resolving ambiguous relationships such as those resulting from rapid radiations. Application
of NGS technology to bryology is limited to assembling entire nuclear or organellar genomes of selected
exemplars of major lineages (e.g., classes). Here we outline how organellar genomes and the entire
nuclear ribosomal DNA repeat can be obtained from minimal amounts of moss tissue via small-scale
454 GS FLX sequencing. We sampled two Funariaceae species, Funaria hygrometrica and Entosthodon
obtusus, and assembled nearly complete organellar genomes and the whole nuclear ribosomal DNA
repeat unit (18S-ITS1-5.8S-ITS2-26S-IGS1-5S-IGS2) for both taxa. Sequence data from these species were
compared to sequences from another Funariaceae species, Physcomitrella patens, revealing low overall
degrees of divergence of the organellar genomes and nrDNA genes with substitutions spread rather
evenly across their length, and high divergence within the external spacers of the nrDNA repeat. Further-
more, we detected numerous microsatellites among the 454 assemblies. This study demonstrates that
NGS methodology can be applied to mosses to target large genomic regions and identify microsatellites.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The moss family Funariaceae includes Physcomitrella patens
(Hedw.) Bruch & Schimp. and Funaria hygrometrica Hedw., two
model organisms for the study of hybridization, physiology, and
genetics in mosses (Knight et al., 2009). The family comprises
approximately 250–400 species distributed among three speciose
genera (Funaria Hedw., Entosthodon Schwägr., and Physcomitrium
[Brid.] Brid) and 13 monospecific or species poor genera (Crosby
et al., 1999). Sequence variation within 10 loci sampled from all
three genomic compartments provided robust signal for the earli-
est divergences within the family, and evidence for the polyphyly
of Entosthodon and Physcomitrium, but was insufficient to resolve
the relationship within the crown group, which accommodates
an estimated 90% of the species, and is considered to have arisen
from a rapid diversification (Liu et al., 2012a). At the DNA level,
and assuming a conserved rate of substitution, a rapid radiation
may be characterized by few nucleotide changes between two sis-
ter taxa at any given locus. Hence resolving the relationships
among taxa emerging from a rapid succession of cladogenic events
requires sequencing an extensive set of loci to uncover sufficient
ll rights reserved.

ffinet).
synapomorphic substitutions to identify and support unique com-
mon ancestries. Resolving, for example, the explosive radiation
within the Saxifragales required 25–50 Kb of nucleotide data (Jian
et al., 2008). In mosses, the problem of acquiring sufficient data for
reconstructing a robust phylogeny from discrete loci may be fur-
ther compounded by their significantly lower substitution rate
(Stenøien, 2008) and high levels of homoplasy among more deeply
rooted lineages. Hence broad genomic sampling of characters may
be advantageous, if not critical, for inferring relationships among
major lineages composing the backbone of the moss tree of life.

Random or ‘‘shotgun’’ sequencing based on a total genomic ex-
tract yields a population of DNA sequences that can be assembled
within and compared among samples. However, the overlap in
homologous loci between samples, or the likelihood of randomly
sampling homologous loci twice, is a function of the concentration
of the locus in the extract and the scale of the sequencing effort.
Loci present in single copies in the nuclear genomes will be sam-
pled at a much lower frequency than multiple copy nuclear loci
and organellar loci. A full picotiter plate on the 454 platform may
generate as much as 0.4 Gb of data, which for a nuclear genome
size of 1 Gb would lead to an average sequence depth of 0.4�
(i.e., each nucleotide in the genome would be sequenced 0.4 times
on average). On average, individual organellar genome sizes are
less than 0.1% of the nuclear genome size, but estimates suggest
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a single plant leaf cell, since it contains numerous plastids and
mitochondria, also contains many copies of each organellar
genome. In angiosperms, for example, a leaf cell may hold
1000–50,000 plastid (pt) genomes (Shaver et al., 2006), and several
hundreds to thousands of copies of the nuclear ribosomal DNA re-
peat (nrDNA) (Rogers and Bendich, 1987). Using a random
sequencing approach, single copy nuclear loci are thus less likely
to be captured and recovering homologous loci between two inde-
pendent runs is highly unlikely. Consequently most of the nuclear
data obtained from NGS may not be comparable. The imbalance in
concentrations between genomic compartments has, however, an
advantage, as loci present in high copies are more likely sequenced.

Comparison of publically available records indicates that organ-
ellar genomes are conserved in size within mosses. The plastid
genome is composed of approximately 123 Kb (Oliver et al.,
2010) and the mitochondrial (mt) genome comprises ca. 105 Kb
(Liu et al., 2012b). In addition, the nuclear ribosomal repeat con-
sists of an 11 Kb nrDNA repeat unit (Wicke et al., 2011). Together
these loci comprise a total of �230,000 nucleotides that could be
acquired through NGS and provide a vast and hence promising
source of phylogenetic markers.

The potential of these multicopy regions for resolving phyloge-
netic relationships is increasingly recognized (Kane et al., 2012;
Nock et al., 2011; Steele et al., 2012). The relative ease with which
they are sequenced and assembled even led to a proposal to use
entire plastid genomes, or a combination of plastid and nuclear
ribosomal sequences, as a DNA barcode (Nock et al., 2011), or ul-
tra-barcode (Kane et al., 2012). The plastid genome is highly con-
served among land plants, both in terms of gene content and
gene order. Structural changes are typically rare and hence power-
ful phylogenetic markers (Mishler and Kelch, 2009), such as in
mosses for the circumscription of the Funariales (Goffinet et al.,
2007).

At present only six plastid genomes have been assembled for
bryophytes (http://www.ncbi.nlm.nih.gov/genomes/Genomes-
Group.cgi?taxid=2759&opt=plastid) and only Forrest et al. (2011)
bioinformatically extracted the entire genome from 454 data as
part of their effort to assemble organellar genomes to reconstruct
the backbone of the liverwort tree of life. Within liverworts, the
genomes are completely alignable and, with the exception of the
non-photosynthetic Aneura, may differ only in the presence or ab-
sence of the cysA and cysT genes (Wickett et al., 2011). In mosses,
gene content is identical between the distantly related P. patens
and Syntrichia ruralis (Hedw.) F. Weber and D. Mohr (Oliver et al.,
2010), although the former differs by a large inversion in the large
single copy unit, a character that has been shown to be diagnostic
of the Funariales (Goffinet et al., 2007). The only gene loss reported
within mosses is that of the rpoA gene, which characterizes all
arthrodontous mosses and Tetraphis Hedw. (Goffinet et al., 2005).

The mitochondrial genome has been vastly ignored as a source
of phylogenomic makers, partially due to its great lability in gene
order among vascular plants (Knoop, 2004). Within bryophytes,
synteny of mitochondrial genomes is weak among the three lin-
eages of bryophytes but seemingly high within each lineage (i.e.,
liverworts, mosses, and hornworts) (Liu et al., 2012b). For example,
P. patens and Anomodon rugelii (Müll. Hal.) Keissl. (Liu et al., 2011)
share the same mitochondrial gene content and gene order. Conse-
quently, ambiguities in the alignment are few and the suite of
homologous sites extremely high, making this genome an ideal
source of potential phylogenetically informative characters.

In seed plants, the nuclear ribosomal DNA repeat unit includes
the three genes coding for rRNA subunits (18S, 5.8S, and 26S), the
internal transcribed spacers (ITS1 and ITS2), and the intergenic
spacer (IGS). In bryophytes, this region further includes the 5S
nrDNA subunit, located between consecutive 26S and 18S genes,
separating the IGS region into an IGS1 and IGS2 (Wicke et al.,
2011), in the repeat unit. The non-coding regions of the nrDNA re-
peat are well known as sources of variable characters (Vanderpoor-
ten et al., 2006), and the IGS regions in particular carry abundant
substitutions, although the latter region remains poorly explored
due to amplification difficulties (Poczai and Hyvönen, 2010). In
bryophytes the entire repeat has only been sequenced for F.
hygrometrica and Marchantia polymorpha L. (Vanderpoorten et al.,
2006), but is being assembled for P. patens (Lang pers. Com. on
March, 2012) as part of the Physcomitrella genome project (Rensing
et al., 2008).

These three regions of the cellular genome, present in numerous
copies in each cell, provide optimal candidates for efficient sam-
pling of homologous loci from all genomic compartments using
NGS methods. Here we test the yield of a partial NGS run on a
454 platform to recover these regions, and compare their variation
among three members of the Funariaceae. We performed a multi-
plexed NGS with E. obtusus (Hedw.) Lindb. and F. hygrometrica and
aligned the regions to the available organellar genomes of P. patens
and the nrDNA repeat of F. hygrometrica. Besides the organellar and
nrDNA sequences, we also isolated microsatellites, which can
potentially be used for phylogeographic and population studies.
Overall we confirm the results of Forrest et al. (2011) whereby
organellar genomes and nrDNA repeats can be successfully ob-
tained for bryophytes through 454 shotgun sequencing, by contrib-
uting new, nearly complete plastid and mitochondrial genomes
and nrDNA repeat for two mosses.
2. Materials and methods

2.1. Plant material and genome size determination

Spores were collected from herbarium specimens of
F. hygrometrica (Goffinet 5576; Chile) and E. obtusus (Holyoak
04-87; Ireland), and grown on soil for about two months. Vouchers
for both species have been deposited in George Safford Torrey Her-
barium at the University of Connecticut (CONN). Genome size was
determined by flow cytometry according to Bainard et al. (2010).
Fresh cultured gametophytes of E. obtusus were co-chopped with
the standard Zea mays L. ‘CE-777’ (2C DNA content = 5.43 pg) and
F. hygrometrica with Raphanus sativus L. ‘Saxa’ (2C DNA con-
tent = 1.11 pg) in LB01 buffer with 150 ug/ml propidium iodide
and 0.5 ug/ml RNase A (Sigma, St. Louis). Each sample was
replicated three times and analyzed on a Partec CyFlow SL (Partec,
Munster, Germany). The moss 1C DNA content was determined
using the ratio between the fluorescence of the standard and
sample nuclei.
2.2. DNA extraction and next generation sequencing

Approximately 0.3 g and 0.4 g of fresh gametophytes were har-
vested from F. hygrometrica and E. obtusus, respectively. The plant
material was ground in liquid nitrogen, and used for DNA extrac-
tion by a modified CTAB method (Forrest et al., 2011). DNA quan-
tity and quality were examined by Qubit fluorometer system with
a Quant-iT™ ds-DNA BR Assay (Invitrogen, San Diego, CA, USA) and
NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies,
Wilmington, DE, USA), respectively. In total, 1.5 lg and 2.0 lg of
genomic DNA were collected for F. hygrometrica and E. obtusus,
respectively, and were sent to the IGSP Sequencing Core Facility
(Duke University) for GS FLX 454 shotgun library preparation using
the Titanium system (Roche 454 Life Science, Branford, CT, USA).
The two species and an unrelated moss were multiplexed using
MID-tags, and put in an equimolar pool for amplification.
Finally, the samples were run on half a picotiter plate on a Genome
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Sequencer FLX Instrument (Roche 454 Life Science, Branford, CT,
USA).
2.3. De novo assembly and mapping with reference genomes

The raw 454 reads were trimmed to remove adaptor and low-
quality sequences, and de novo assembled into contigs using GS
Assembler (Roche 454 Life Science, Branford, CT, USA) using the
default parameters (minimum overlap between reads 40 bases,
minimum overlap identity 90%, reward for a match 2, penalty for
a mismatch -3). This approach may not yield a single contig match-
ing the entire genome, and hence the 454 reads were also directly
mapped against the reference plastid (NC_005087) and mitochon-
drial (NC_007945) genomes of P. patens using GS Mapper (Roche
454 Life Science, Branford, CT, USA) with the default settings (min-
imum overlap between reads 40 bases, minimum overlap identity
90%, reward for a match 2, penalty for a mismatch �3). When per-
forming the mapping analyses, one copy of the Inverted Repeat
was removed from the plastid reference. For the assembly of the
nrDNA repeat for our two samples, the publically available se-
quence for F. hygrometrica was (GenBank accession: X80212) used
as a reference.
2.4. Sequence alignment and comparisons

The mapped, or de novo assembled contigs were checked for
their quality, and imported into Geneious 5.4.4 (http://www.gene-
ious.com/; Biomatters Ltd., Auckland, New Zealand). The contigs
were aligned against each reference sequence and preliminarily
annotated in Geneious. One copy of the Inverted Repeat was re-
moved from the plastid reference during the assembly. All gaps
among contigs were replaced by equivalent number of ‘‘N’’s. The
assembled plastid and mitochondrial genomes and nuclear ribo-
somal DNA units of E. obtusus and F. hygrometrica, and the relevant
P. patens sequence were aligned using the genome alignment soft-
ware Mauve 2.3.1 (Darling et al., 2004). As the P. patens nrDNA unit
is unavailable, we compared the F. hygrometrica nrDNA unit to the
previously sequenced one (X80212). Each aligned dataset was then
imported into MEGA 5.05 (Tamura et al., 2011), which was used to
calculate the proportion of variable sites. In addition, all three
genomic regions were compared using the online program VISTA
(http://genome.lbl.gov/vista/) to visualize the distribution of
variations.
2.5. Sequence accession numbers

The assembled plastid (accessions JQ753069 and JQ753071),
mitochondrial genome scaffolds (JQ753070, JQ713171), and nrDNA
repeat unit sequences (JQ736824, JQ736823) for E. obtusus and F.
hygrometrica are deposited in the GenBank database (Table 1).
Table 1
Data characteristics of plastid, mitochondrial genomes and the nuclear ribosomal DNA repe

Taxon Sequencea Mapped reads Mapped bases No. contigs A

Entosthodon pt genome 2664 (1.96%) 860,563 (1.86%) 51 1
mt genome 1905 (1.40%) 579,169 (1.25%) 21 1
nrDNA unitb 3792 (2.79%) 1,225,728 (2.64%) 1 1

Funaria pt genome 21,614 (5.36%) 7,648,937 (5.30%) 51 1
mt genome 4588 (1.14%) 1,136,348 (0.79%) 13 1
nrDNA unit 14,140 (3.51%) 5,106,111 (3.54%) 1 1

a The sequences were assembled by GS Mapper (v2.5.3).
b The Entosthodon nrDNA sequence was assembled by GS assembler (v2.5.3).
c Estimated by comparing to Physcomitrella patens sequences.
2.6. Detecting microsatellite markers

All 454 assemblies were screened for potential microsatellite
markers for both species. All de novo assembled contigs (FASTA
format) were run through msatCommander 0.8.2 (Faircloth,
2008), accepting mononucleotide repeats of P10, dinucleotide re-
peats of P6, trinucleotide repeats of P4, tetranucleotide repeats of
P4, pentanucleotide repeats of P4, and hexanucleotide repeats of
P4. Primers were designed through Primer3 nested inside the
msatCommander program.

3. Results and discussion

Organellar genomes and the entire nuclear ribosomal DNA re-
peat are currently being targeted for phylogenetic reconstructions
in plants, either individually (e.g., plastid genome (Wu and Ge,
2012)), or in combination (plastid and nrDNA sequences (Kane
et al., 2012), or plastid, nrDNA sequences, and partial mitochon-
drial coding genes (Steele et al., 2012)). Thus far, the NGS method-
ology has not been used to mine these genomic regions for
inferring phylogenetic histories among bryophytes. Here we
demonstrate that nearly complete organellar genomes and entire
nuclear ribosomal DNA repeats can be assembled based on a
small-scale 454 sequencing of a total genomic extract from less
than half a gram of fresh moss tissue. These regions can be exten-
sively if not completely aligned among the three mosses, thereby
extending the source of phylogenetic characters to the non-coding
regions of these genomic regions.

3.1. Genomic sequence assembly

In total, 135,697 reads (47 Mb in size with an average length of
342 bases) were generated for E. obtusus. Although only a small
fraction could be mapped to the P. patens pt and mt genomes
(1.96% and 1.40%, respectively; Table 1), these reads could be
assembled to cover 92.8% of the plastid and 97.9% of the mitochon-
drial reference genomes. For F. hygrometrica we obtained 403,252
reads (144 Mb in size with an average length of 359 bases), of
which 5.36% and 1.14% mapped to P. patens pt and mt genomes,
respectively. The 454 contigs covered 90.7% and 98.7% of each ref-
erence P. patens organellar genome. The average sequencing depth
of E. obtusus pt and mt genomes are 8� and 6�, and F. hygrometrica
75� and 11�, respectively (Table 1).

Mapping reads against the F. hygrometrica nrDNA repeat, re-
vealed that 2.79% and 3.51% of the raw sequences of E. obtusus
and F. hygrometrica were homologous, and these could be assem-
bled into complete nuclear rDNA repeat regions. The average
sequencing depth of nrDNA region is 104� for E. obtusus and
461� for F. hygrometrica (Table 1).

In summary, only a small part (ca. 6% in E. obtusus and 10% in F.
hygrometrica) of the 454 reads matches the organellar genomes
and high copy nrDNA sequences. Almost all the other data,
at unit generated from Entosthodon obtusus and Funaria hygrometrica 454 assemblies.

ssembly length Average coveragec Average depth (x) GenBank accession

04,766 92.8% 8 JQ753069
02,971 97.9% 6 JQ753070
1,792 100% 104 JQ736824

02,295 90.7% 75 JQ753071
03,830 98.7% 11 JQ713171
1,077 100% 461 JQ736823

http://www.geneious.com/
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http://genome.lbl.gov/vista/


Table 2
Comparisons of organellar and nuclear rDNA repeat unit sequences between Physcomitrella patens and the newly targeted Funaria hygrometrica and Entosthodon obtusus.

Sequence Comparison Whole genome (bp) Exons only (bp)

Length Mutations (%) Length Mutations (%)

pt genome Among 3 taxa 100,237 5818 (5.8%) 72,100 3382 (4.7%)
Funaria vs. Entosthodon 100,237 5077 (5.1%) 72,100 3012 (4.2%)
Funaria vs. Physcomitrella 100,146 4666 (4.7%) 72,100 2778 (3.9%)
Physcomitrella vs. Entosthodon 100,006 1815 (1.8%) 72,100 1012 (1.4%)

mt genome Among 3 taxa 102,260 1573 (1.5%) 32,325 244 (0.8%)

Funaria vs. Entosthodon 102,257 1282 (1.3%) 32,325 216 (0.7%)
Funaria vs. Physcomitrella 102,033 1146 (1.1%) 32,325 145 (0.5%)
Physcomitrella vs. Entosthodon 101,997 696 (0.7%) 32,325 128 (0.4%)

nrDNA unit Among 3 samples 12,642 1225 (9.7%) 5538 55 (1.0%)
Funaria vs. Entosthodon 12,532 1002 (8.0%) 5537 47 (0.8%)
Funaria (X80212) vs. Entosthodon 12,523 1001 (8.0%) 5537 54 (1.0%)
Funaria (X80212) vs. Funaria 11,246 176 (1.6%) 5538 8 (0.1%)
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accounting for 44 Mb in E. obtusus and 130 Mb in F. hygrometrica,
are single-copy, low-copy nuclear sequences, or other multiple
copy nuclear regions (such as tandem sequences and mobile ele-
ments) that are not comparable and hence not homologous be-
tween samples. Based on flow cytometry, the size of the nuclear
genomes of E. obtusus and F. hygrometrica are estimated at
1139 Mb and 921 Mb, respectively. Hence, the average sequencing
depth of any site in the nuclear genomes of E. obtusus and F.
hygrometrica would be 0.04� and 0.14�, which is clearly two or-
ders of magnitude less than the high copy loci.

3.2. Phylogenomic signals

Among the three species, 5.8% of the aligned plastid sequences
are variable (Table 2), which is nearly four times more than the
mitochondrial genome (1.5%). Although such degrees of variation
may seem low, considering the size of these genomic regions, the
absolute number of variable sites is high, 5818 bp and 1573 bp,
respectively. P. patens and E. obtusus are part of the crown group
of Funariaceae, which is sister to Funaria (Liu et al., 2012a). Not sur-
prisingly then, the degree of divergence in the present genomic re-
gions is lower between the former two species than between either
one and F. hygrometrica (Table 2). However, relative divergence be-
Fig. 1. Pairwise comparison of plastid (A) and mitochondrial (B) genomes of Funaria hyg
are compared in blocks of 100 nucleotides, and the average similarity across the block i
tween the two species differs, since the plastid genomes exhibit
more variation than the mitochondrial genomes (Table 2). For
example P. patens and E. obtusus differ in only 696 sites of the mt
genome compared to 1815 pt genome sites. For both plastid and
mitochondrial genomes, the variable sites are scattered along the
genomes and no obvious variation hotspots were observed in the
alignments (Fig. 1). For nuclear rDNA repeat unit, most variable
sites locate within the internal transcribed spacers and the inter-
genic spacers (Table 2 and Fig. 2), and the IGS itself contains 176
variable sites between the here and previously sequenced
F. hygrometrica samples (Table 2).

3.3. Microsatellites isolation

Traditional approaches for identifying microsatellite markers
are time consuming, while NGS outputs have proven to provide a
rich sampling of microsatellites (Zalapa et al., 2012). Within this
study, the screening revealed that 107 contigs, representing
5.19% of the E. obtusus assemblies, contained 142 microsatellites;
285 contigs, representing 5.46% of Funaria assemblies, contained
403 microsatellites. Meanwhile, 47 and 170 primer pairs flanking
microsatellites were successfully generated for E. obtusus and F.
hygrometrica, respectively (Table S1). Based on the results, NGS
rometrica and Entosthodon obtusus against those of Physcomitrella patens. Sequences
s plotted.



Fig. 2. Pairwise comparison of the nuclear ribosomal DNA repeats (structure shown above) of Funaria hygrometrica and Entosthodon obtusus against the publically available
sequence of another F. hygrometrica sample (GenBank Acc. # X80212). Sequences are compared in blocks of 100 nucleotides, and the average similarity across the block is
plotted.
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technology appears to be an efficient way of discovering microsat-
ellite markers in mosses. Except for the in silico analyses, no fur-
ther PCR confirmation or polymorphism detection was performed
on these microsatellites. The microsatellite primers and 454
assemblies are provided in supplementary Table S2 and S3.

4. Conclusion and future prospects

In the current study, we generated nearly completed plastid and
mitochondrial genomes, and the entire nuclear rDNA repeat unit
for two species of the moss family Funariaceae, E. obtusus and
F. hygrometrica. By comparing these to the publicly available
organellar genomes for P. patens and the nrDNA repeat of anther
sample of F. hygrometrica, we demonstrated that these regions car-
ry numerous variable and potentially phylogenetically informative
sites. Shotgun sequencing of total genomic extracts followed by
bioinformatic extraction of high copy templates such as organellar
genomes and nrDNA repeats, provides a critical tool for sampling
large sets of characters needed to resolve deep divergences among
moss lineages and also recent radiations, an evolutionary pattern
characterizing families such as the Funariaceae (Liu et al., 2012a)
and Sphagnaceae (Shaw et al., 2010).
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