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��������46 

 47 

�� The goal of this research is test whether there has been a whole genome 48 

duplication (WGD) in the ancestry of �������� (peatmoss) or the class 49 

Sphagnopsida, and to determine if the timing of any such duplication(s) and 50 

patterns of paralog retention could help explain the rapid radiation and current 51 

ecological dominance of peatmosses. 52 

 53 

�� Illumina RNA8seq data were generated for nine taxa in Sphagnopsida (Bryophyta). 54 

Analyses of frequency plots for synonymous substitutions per synonymous site 55 

(Ks) between paralogous gene pairs and reconciliation of 578 gene trees were 56 

conducted to assess evidence of large8scale or genome8wide duplication events in 57 

each transcriptome.  58 

 59 

�� Both Ks frequency plots and gene tree8based analyses indicate multiple 60 
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duplication events in the history of the Sphagnopsida. The most recent WGD 61 

event predates divergence of �������� from the two other genera of 62 

Sphagnopsida. Duplicate retention is highly variable across species, which might 63 

be best explained by local adaptation. 64 

 65 

�� Our analyses indicate that the last WGD could have been an important factor 66 

underlying the diversification of peatmosses and facilitated their rise to ecological 67 

dominance in peatlands. The timing of the duplication events and their 68 

significance in the evolutionary history of peat mosses is discussed. 69 

 70 

Keywords: Whole genome duplication (WGD), Ks plot, reconciliation, molecular dating, 71 

transcriptome, paleopolyploidy, peatmoss, ���������72 

�73 

�74 

����	����	���75 

 76 

Recent evidence has revealed at least 50 independent whole genome duplication (WGD) 77 

events distributed across the angiosperm tree of life (Vision 	
���, 2000; Bowers 	
���, 78 

2003; Blanc & Wolfe, 2004; Paterson 	
���, 2004; Schlueter 	
���, 2004; Van de Peer & 79 

Meyer, 2005; Cannon 	
���, 2006; Cui 	
���, 2006; Tuskan 	
���, 2006; Jaillon 	
���, 80 

2007; Barker 	
���, 2008, 2009; Lyons 	
���, 2008; Ming 	
���, 2008; Soltis 	
���, 2009; 81 

Shi 	
���, 2010; Van de Peer, 2011; Jiao 	
���, 2012; McKain 	
���, 2012; Tayale & 82 

Parisod, 2013; Amborella Genome Consortium, 2013). WGD can introduce new genetic 83 

variation for evolution to act upon (Ohno, 1970); nevertheless, its contributions to 84 

organismal diversification are still debated. Recent studies suggest that polyploid lineages 85 

have diversified at a slower pace than their diploid relatives, at least over relatively short 86 

time scales (Mayrose 	
���, 2011, Arrigo & Baker, 2012; Escudero 	
���� 2014; Scarpino 87 

	
���, 2014; Mayrose 	
���, 2014). Conversely, others have argued that polyploidization 88 

is a major driver of diversification and that inferred lower diversification rates of 89 

polyploid species is probably a methodological artifact (Soltis 	
���, 2009; Van de Peer 	
�90 

����2009; Doyle, 2012; Schranz 	
���, 2012; Amborella Genome Project, 2013; Cannon 91 
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���, 2014;  Soltis 	
���� 2014). WGDs have also been suggested as a factor affecting 92 

survival of plant lineages through the catastrophic Cretaceous8Tertiary extinction event 93 

(Fawcett 	
���, 2009; Vanneste 	
���, 2014). In addition, WGDs may have contributed to 94 

the evolution of form and complexity during early land8plant evolution through the 95 

duplication of key regulatory genes (Rensing, 2014).  96 

 97 

A feature of past whole8genome duplications is that only a relatively small proportion of 98 

duplicate loci are retained (Ohta, 1987; Walsh, 1995; Vision 	
���, 2000; Blanc & Wolfe 99 

2004; Paterson 	
���, 2004; Van de Peer & Meyer, 2005; Cui 	
���� 2006; Jaillon 	
���, 100 

2007; Shi 	
���, 2010; Jiao 	
���, 2012; Amborella Genome Consortium 2013). It is 101 

generally observed that paralog retention is non8random and is primarily driven by 102 

natural selection (Freeling 	
���� 2008; Freeling, 2009; Makino & McLysaght, 2010; 103 

Birchler & Veitia 2011; Liu 	
���, 2011; Barker 	
���, 2012; Schnable 	
���, 2012; Chen 104 

	
���, 2013; Conant 	
���, 2014). In spite of many years of research it is still unclear why 105 

some gene duplicates are retained while others are lost or undergo divergent evolution. 106 

Paralog retention could be explained by the dosage sensitivity of genes, sub8 or 107 

neofunctionalization, by gene8specific features, by lineage8specific evolutionary forces, 108 

or by a combination of these factors (Birchler & Veitia, 2011; Barker 	
���, 2012; 109 

Carretero8Paulet & Fares, 2012; Jiang 	
���, 2013; Conant 	
���, 2014). 110 

 111 

The number, timing, and evolutionary impact of WGD events in angiosperms has been 112 

the focus of research for many years (see citations above), but relatively little is known in 113 

this respect about other land plants, such as bryophytes. Data on the two model mosses, 114 

��������
�	������
	�� and �	��
�����������	��, suggest that both genomes underwent 115 

independent but chronologically coincident large8scale duplication events (Rensing 	
���, 116 

2007; Szövényi 	
���, 2015) and that paralog retention in these genomes deviated from 117 

the patterns found in angiosperms. In particular, genes involved in signal transduction 118 

and transcriptional regulation appear ��
 to have been preferentially retained in mosses in 119 

contrast to genes involved in general metabolism that seem to have been preferentially 120 

preserved at least in ����
	��. Whether these observations are specific to ����
	�� and 121 

��������	��, to mosses, or to all nonvascular land plants (i.e., liverworts, hornworts, and 122 
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mosses) is currently unclear. Similarly, it is unknown when the WGDs inferred for ��123 

��
	���and ��������	�� occurred relative to moss diversification. That is, can the same 124 

WGDs found in ����
	�� and ��������	�� be detected in other mosses? Finally, in 125 

contrast to the angiosperms, the association between WGD and diversification rates has 126 

not been investigated for the bryophytes. 127 

 128 

Peatmosses (��������) dominate many wetland habitats, especially at northern latitudes. 129 

�������� species are quintessential ecosystem engineers, not only dominating peatland 130 

habitats where they occur, but actually creating the environmental conditions that 131 

contribute to their dominance (Turetsky 	
���, 2008). A time8calibrated phylogenetic 132 

reconstruction for the genus suggests that it underwent a rapid and relatively recent 133 

diversification that may have corresponded to periods of climatic cooling during and after 134 

the Miocene (Shaw 	
���, 2010a). This timing corresponds to the earliest appearance of 135 

��������8dominated peatlands in the fossil record (Greb 	
���., 2006). If this is the case, 136 

the diversification of �������� represents a striking radiation of a group into new 137 

habitats. With some 30% of terrestrial carbon currently bound in ��������8dominated 138 

peatlands (Vasander 	
���, 2006), this radiation was globally important in the evolution 139 

of earth’s biogeochemistry. 140 

 141 

The Sphagnopsida comprise one of four major speciose clades within the phylum 142 

Bryophyta and it is an early diverging group within mosses (Goffinet & Shaw, 2009; 143 

Chang & Graham, 2011; Wickett 	
���, 2014). Based on phylogenetic analyses, Shaw 	
�144 

�� (2010b) recognized four genera in three families within the Sphagnopsida: 145 

������������ and ���������� (Ambuchananiaceae), ���
�	����� (Flatbergiaceae), 146 

and �������� (Sphagnaceae). ������������, ����������, and ���
�	����� currently 147 

comprise one species each, whereas �������� includes 250 – 450 species. (We 148 

informally include a second species in ���
�	����� based on unpublished molecular 149 

evidence). It is clear that ������������, ����	�����, and ���������� are 150 

phylogenetically outside ��������; in the following, we refer to these two groups as the 151 

non8�������� and �������� peatmosses, respectively (Fig. 1). 152 

 153 
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The goals of this research were to test, using comparative transcriptome data, whether 154 

there is a signal of one or more ancestral genome duplications in the Sphagnopsida, and 155 

to determine if the timing of any such duplication(s) and patterns of paralog retention 156 

could help explain the rapid radiation and current ecological dominance of peatmosses. 157 

We used next8generation sequencing technology to sequence the transcriptomes of nine 158 

species of Sphagnopsida, and inferred large8scale duplications from the distribution of 159 

pairwise genetic divergence between duplicated genes expressed as the number of 160 

synonymous substitutions per synonymous sites (Ks). This method is a reliable means of 161 

inferring relatively recent large8scale duplications in the absence of genome8wide synteny 162 

information (Vanneste 	
���, 2013). We then verified these findings by analyzing 163 

hundreds of gene trees using tree reconciliation in a phylogenomic framework to estimate 164 

the relative timing of the WGD. Finally, we used molecular dating to estimate the 165 

absolute timing of the duplication event.   166 

�167 

�168 

������������������	���169 

 170 

Transcriptome data were newly generated for ��������������	
��
��, ���
�	������171 

�	���	��, �������������
�	���������������	�����	, ������������������, ��172 

����	������ and �� ����! (Fig. 1). Hereafter in this paper we informally refer to the 173 

species currently known as �����������������	�����	 as “Flatbergium novo8caledoniae" 174 

to reflect phylogenetic relationships (Shaw, unpublished); this nomenclatural transfer to 175 

���
�	����� has not been formalized yet. Transcriptome data for ���	������, ���	������ 176 

(Matasci 	
���, 2014) and S������
�	, generated for the 1kp project, were also included in 177 

this study. All nine species other than �������
�	 have haploid gametophytes. ���������178 

�����
�	 is a relatively recently formed allopolyploid (Karlin 	
���, 2010).  179 

 180 

����� �����	����������������181 

 182 

Total RNA was isolated from fresh gametophytic tissue using a Spectrum
TM

 Plant Total 183 

RNA kit (Sigma) following the manufacturer’s instructions. Extracted RNA was eluted 184 
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into a final volume of 100 PL RNase8free water. RNA quantity was estimated using 185 

Qubit (Life Technologies, Carlsbad, California, USA) and RNA quality was estimated 186 

using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, California, USA). For each 187 

taxon, one RNA extract with a RIN score greater than 8.0 was used for library 188 

preparation and sequencing. RNA8seq paired8end libraries were constructed with average 189 

fragment lengths of 300 base pairs (bp). Libraries for �����	
��
��, ���	���	�� and “F. 190 

novo8caledoniae" were indexed, pooled, and sequenced on a single lane of an Illumina 191 

HiSeq 2000 sequencer flow cell (Illumina, San Diego, California, USA). The ��192 

��������� library was part of a multiplexed (2 samples pooled) run on one lane of 193 

Illumina HiSeq 2000. All Illumina sequencing was done at The Duke University Genome 194 

Sequencing & Analysis Core Resource and generated 100bp paired8end sequences. For ��195 

 ����! we used the mRNA to synthesize a double8stranded cDNA library with the cDNA 196 

Rapid Library Preparation protocol provided by Roche and sequenced it using two full 197 

454 FLX plates at Oakridge National Laboratory. Specimen voucher information and 198 

accession numbers for the transcriptome data are provided in Table 1. 199 

 200 

!��������	��������"�������#�$��������	���201 

 202 

Illumina data form �����������, ������	������, “F. novo8caledoniae”, �����	
��
�� 203 

and ���	���	�� were assembled using Trinity_r20131110 (Grabherr 	
���, 2011; Haas 	
�204 

��, 2013) whereas data generated in the 1Kp project for ���	������, �������
�	 and ��205 

�	������ were processed by SOAPdenovo8Trans 1.03 (Xie 	
���, 2014) using default 206 

parameters. The 454 data for �� ����! was filtered, trimmed and assembled using 207 

Newbler v2.5.3 (454 Life Sciences) with default options. To confirm that any putative 208 

signal of whole genome duplication would be robust to the algorithm used to assemble 209 

the short reads into transcripts, the transcriptome of “Flatbergium novo8caledoniae” was 210 

assembled with both assemblers and the consistency of duplication analysis assessed. 211 

Prior to assembly, the 38prime ends of each read were trimmed based on quality score 212 

using the FASTQ Quality Trimmer (FASTX8Toolkit, 213 

http://hannonlab.cshl.edu/fastx_toolkit/) with a quality score threshold of 25 214 

(Sanger/Illumina 1.9 encoding). Illumina sequencing adapters, when present, were 215 
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clipped off using FASTQ/A Clipper (FASTX8Toolkit) and only paired8end reads for 216 

which both sequences were longer than 40bp after trimming and clipping were kept and 217 

assembled into transcripts.  218 

Transcriptome assemblies were blasted against the Uniprot database (The UniProt 219 

Consortium, 2014) using BLASTX v2.2.25 (Altschul 	
���, 1997). To remove transcripts 220 

assembled from contaminating organisms, BLASTX outputs were filtered to discard 221 

transcripts with top hits to non8land plants. Blast outputs were further filtered to remove 222 

all transcripts for which top hits had an e8value > 10
86

. This step also ensured that only 223 

high8confidence protein translations were kept with homologs in other Viridiplantae. We 224 

note that in this step some peat moss8specific sequences may have been discarded. 225 

Nevertheless, in the absence of a peat moss genome this strategy ensured reliable filtering 226 

of the data while minimizing the number of false positives.    227 

Open reading frame (ORF) predictions for all transcripts that passed these 228 

filtering steps were made using the “transcripts_to_best_scoring_ORFs” perl script 229 

provided with the Trinity package. For each transcript, the longest, best8scoring predicted 230 

ORF with a length of at least 150 amino acids were used for further downstream analyses. 231 

 232 

���������	
��	��������%�	������	�����������	�����233 

�234 

#	��������� ��
	�����235 

After assembly and contamination filtering, the transcriptomes were still unusually large 236 

compared to other moss transcriptomes (����
	��$�Zimmer 	
���, 2013, ��������	��$�237 

Szövényi 	
���, 2015, ���
������������	����; Gao 	
���, 2014), suggesting incomplete 238 

assembly. To reduce artifactual redundancy we clustered predicted coding sequences of 239 

transcripts (CDS) with CD8HIT (Fu 	
���, 2012). When generating clusters we used a 240 

similarity threshold of 98% and required that 90% of the length of the putatively 241 

redundant sequence had to align to the longest sequence. We kept only the longest 242 

putative CDS sequence per cluster.  243 

 244 

����������	�
� ���
���������	�	�����
	�����245 

For each taxon, we first took protein predictions of the filtered data sets and clustered 246 
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transcripts into groups containing two or more paralog sequences using the algorithm 247 

provided in BlastClust (ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html). We used 248 

single linkage clustering with the following threshold values: e8value≤10
810

 and 30% 249 

similarity over 75% of the length of the protein sequence (Ponting & Russel, 2002). We 250 

then generated all pairwise alignments of paralogs within each cluster. Peptide sequences 251 

belonging to a paralog pair were aligned globally using MUSCLE v3.7 (Edgar, 2004). 252 

Nucleotide sequences were then forced onto the corresponding amino acid sequence 253 

alignments using PAL2NAL v13 (Suyama 	
���, 2006). Finally, pairwise Ks values were 254 

calculated for each nucleotide alignment using KaKs8Calculator (Zhang 	
���, 2006) 255 

under the YN model of sequence evolution (Yang & Nielsen, 2000). 256 

 257 

The number of possible pairs of paralogs within a paralog cluster with more than two 258 

members is greater than the number of duplication events. Therefore, we generated 259 

simple phylogenetic trees for each paralog cluster by single8linkage clustering using the 260 

matrix of pairwise Ks values for each species separately. We then calculated Ks values for 261 

each node of the trees (nodal Ks values) as the simple average of pairwise Ks values. Each 262 

node of the paralog clusters represents one duplication event and thus nodal Ks values are 263 

the appropriate chronological representation of the duplication process. We used nodal Ks 264 

frequency plots to detect potential whole8genome duplications in the nine Sphagnopsida 265 

species. 266 

Peaks produced by paleopolyploidy are expected to be approximately Gaussian (Blanc & 267 

Wolfe, 2004; Schlueter 	
���, 2004). Therefore, multivariate normal components were 268 

fitted to the resulting Ks frequency distributions using the mixture model test 269 

implemented in the program EMMIX (McLachlan 	
���, 1999) to identify peaks 270 

corresponding to putative large8scale duplications. The mixed distributions were modeled 271 

with one to ten components and the Expectation Maximization (EM) algorithm was 272 

repeated 100 times with random starting values. The optimal number of components in 273 

the mixture model was identified using the Bayesian information criterion (BIC) as the 274 

optimality criterion.  275 

�276 

���������!������	
�&'(��277 
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 278 

To identify the timing of putative WGD events relative to the split between non8279 

�������� peatmoss species and �������� sensu stricto species, we compared the Ks 280 

distribution of non8Sphagnum and �������� paralogs with the Ks distribution of non8281 

Sphagnum and �������� orthologs. An ortholog distribution with a mode smaller than 282 

its paralog counterpart indicates that the ��������/non8Sphagnum divergence event 283 

occurred after the putative WGD, while the reverse indicates that independent WGD 284 

events in the two lineages occurred after their divergence from each other. Sequences 285 

from two accessions were defined as orthologs if they were each other’s best hit, they 286 

aligned over >150 amino acids, and had a similarity of at least 30% in a BLASTP search. 287 

Ks values for each orthologous pair were then calculated using the procedure described 288 

above and plotted together with Ks values for paralogs. This procedure was done only for 289 

three species8pair comparisons (“F. novo8caledoniae" – ���	������, ���	���	��– ��290 

�	������, and �����	
��
�� – �������
�	). We selected species spanning the taxonomic 291 

diversity of �������� and non8�������� peatmosses. ���	������, ���	������ and ��292 

�����
�	 are representatives of the three large sections (monophyletic clades) of 293 

�������� peatmosses while we used all three species of the non8�������� peatmosses.  294 

 295 

!����"��������	���������������	
��������������������	���296 

�297 

Ks8distribution based estimates of large8scale duplication cannot account for 298 

heterogeneity in evolutionary rates among lineages/genes, suffer from mutational 299 

saturation, and preferentially concentrate paralogs at more recent nodes (Vanneste et al., 300 

2013). Therefore, we supplemented our Ks8based analysis with a phylogenomic approach 301 

utilizing gene tree8species tree reconciliation to provide relative estimates for the timing 302 

of duplication. To build gene families we used all ORTHO gene families of the 303 

PLAZA2.5 database as a gene family scaffold (Van Bel 	
���., 2012). ORTHO families 304 

provide the appropriate gene family scaffold for our analysis owing to their relatively 305 

small size. We assigned protein translations of all �������� transcripts to ORTHO gene 306 

families using their best blastp hit (Altschul 	
���, 1997) against all proteins in the 307 

PLAZA2.5 database with an alignment length threshold of ≥150 amino acid and a 308 
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minimum similarity of 30% (Rost 1999). We kept only gene families that had at least one 309 

sequence for each of the following species: ������������
�������, ��������
����������, 310 

%��&��������, '	������, �	�����	������	��	����  ��, ��������
�	������
	��, (����!�311 

���
	��� and ���������������	��������. We further filtered these families and kept only 312 

those in which at least two �������� peatmoss or two non8�������� peatmoss 313 

sequences were found because we were aiming to test whether the large8scale duplication 314 

is shared by these two groups of peatmosses. Finally, gene families with transcripts that 315 

were not found in the full Ks distributions for all species analyzed were discarded. 316 

 317 

We generated protein guided nucleotide alignments for each gene family using 318 

TranslatorX (Abascal 	
���, 2010) and muscle (Edgar, 2004) and filtered nucleotide 319 

alignment positions with the “8automated1” option of TrimAl (Capella8Gutierrez 	
���, 320 

2009). We removed sequences from the TrimAl processed alignments which consisted of 321 

more than 40% gaps. We then generated maximum likelihood gene trees for each family 322 

using RaxMLhpc (Stamatakis, 2014) with the GTRGAMM model of evolution and 323 

conducting 200 fast8bootstrap replicates. We generated gene trees for 578 gene families. 324 

 325 

We first conducted relative dating of the duplication events by comparing the gene trees 326 

with the species tree (Fig. 1). Each gene tree was rooted using (����
	�� and/or ��327 

�	������
�� and the most recent common ancestor (MRCA) node of a given paralog pair 328 

identified in the Ks analysis was retrieved in the gene tree  with its bootstrap support. A 329 

paralog pair was counted to support a specific placement of the duplication event on the 330 

species tree if all species of the paralog clade (defined by the MRCA node of the paralog 331 

pair on the gene tree) were located above the specific species tree node. We also required 332 

that the sister lineage of the specific species tree node occurs in the sister clade of the 333 

paralog clade but not in the paralog clade itself in the gene tree. We counted each unique 334 

duplication node only once per species tree; that is, multiple paralog pairs that mapped to 335 

the same duplication node on the species tree were counted only once. We discarded 336 

paralog pairs for which the paralog clade and its sister clade shared species because in 337 

such situation the duplication node could not be unambiguously defined. We conducted 338 

this analysis separately at two bootstrap thresholds (50% and 80%). 339 
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 340 

To estimate the relative age of the Ks duplication peaks we enumerated the age of their 341 

duplication nodes inferred by the gene tree analysis. Although our Ks8based inference 342 

suggested the presence of four duplication peaks their separation turned out to be 343 

challenging. Therefore, we joined paralog pairs of the first two peaks (Table 2) and 344 

generated a second group from the paralog pairs of the third and fourth Ks peaks (Table 345 

2) using the following Ks thresholds: 0.1≤Ks≤1; 1<Ks≤4. We then enumerated the relative 346 

age estimate of the paralog pairs of these two groups for both bootstrap thresholds (50% 347 

and 80%) and for each species separately. 348 

 349 

For each gene family we used the best maximum8likelihood gene tree to obtain an 350 

absolute age estimate for the divergence of paralog pairs with an inferred duplication 351 

node mapping to the MRCA of all peatmosses. We applied a semi8parametric penalized 352 

likelihood approach implemented in the software r8s (Sanderson 2003). The smoothing 353 

parameter was determined by cross8validation using the following constraints: MRCA of 354 

mosses minimum age: 400 my and maximum age: 450 my; the split of �	�����	��� from 355 

the rest of seed plants: 400 my; the split of ��
���������� and ��
�������: 100 my. We 356 

also assigned a minimum age of 125 million years to the split of monocots and dicots 357 

(Jiao 	
���, 2011; Vanneste 	
���, 2014). We required trees to pass the cross8validation 358 

procedure. Finally, we determined the most likely number of duplication peaks using the 359 

EMMIX code and the Bayesian information criterion (BIC) (McLachlan 	
���, 1999).             360 

 361 

 362 

$����	�������	����	��	
������������������������363 

 364 

In order to look for potential functional bias among the duplicated genes that were 365 

retained following the putative genome duplication in Sphagnopsida, functional 366 

annotation for each putative gene was obtained using homology searches followed by 367 

Blast2GO (Conesa 	
���, 2005) analysis. All transcripts that passed the various filters 368 

(see !��������	��������"�������#�$��������	��� were blasted against the NCBI 369 

non8redundant sequence database using BLASTP with the following initial cutoff values: 370 
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e8value threshold of 10
83

 and a high8scoring segment pair (HSP) length threshold of 33 371 

amino acids. A maximum of 20 hits were kept per query sequence. GO annotations for 372 

the transcripts with hits were retrieved and assigned to each transcript using BLAST2GO 373 

and filtered using the following cutoffs: e8value filter 10
86

, annotation cutoff 55, GO 374 

weight 5 and Hsp8Hit Coverage cutoff 0. In a similar way, enzyme codes were also 375 

mapped to transcripts. To reduce complexity, GO terms were mapped to GO slim 376 

categories (The Gene Ontology Consortium, 2000), which we used in the final analyses. 377 

 378 

'#��������������������379 

 380 

In order to investigate functionality bias, GO enrichment analyses were conducted on the 381 

genes participating in the most recent large8scale duplication event shared by all species 382 

(referred to as Peak1 in Table 2). The GO bias analysis was conducted using FUNC 383 

(Prüfer 	
���, 2007). Specifically, we tested whether transcripts inferred as being part of 384 

the large8scale duplication event are enriched for particular GO categories compared to 385 

the whole transcriptome (the background set) of each species. Analyses were run for each 386 

species separately. Because GO terms are not independent from one another we retained 387 

only the most specific significant term when redundancy was detected. We did this by 388 

running our analyses first on all GO terms and then conducting a “refinement” analysis to 389 

keep the most specific terms using the algorithm provided in the FUNC tool (Prüfer 	
�390 

��, 2007). We accepted GO terms with a false8discovery rate smaller than 0.05 as 391 

significantly over8 or under8represented after conducting 10,000 randomizations (Prüfer 392 

	
���, 2007). 393 

�394 

A similar enrichment test was performed for tree8based analyses. In particular, we 395 

compared gene ontology (GO) annotations of the gene families showing signs of 396 

duplication versus the background set of all 578 gene families. GO enrichment tests were 397 

conducted for each peatmoss species separately. To functionally annotate gene families 398 

we attached the GO slim terms of genes and those of peatmoss transcripts to each family. 399 

GO slim annotation of protein coding genes was downloaded from the PLAZA2.5 data 400 

base (Van Bel 	
���, 2012).�401 
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�402 

�403 

��������404 

 405 

)�����	������������ ��������
����406 

Ks frequency plots include 1,828 gene duplicates for “F. novo8caledoniae”, 2,009 for ��407 

���	
��
��, 2,240 for ���	���	��, 8,571 for �����������, 2,625 for �� ����!, 4,605 for ��408 

�	������, 4,352 for �������
�	,�6,634 for ������	������ and 4,277 for ���	������ (Figs. 409 

2, 3). For each Ks plot, the optimal number of normal components, their means and 410 

standard deviation values estimated by the EMMIX analysis are shown in Table 2. BIC 411 

values are given in Supporting Information Table S1.  For all species investigated, Ks 412 

frequency plots exhibit four distinguishable peaks at KS ~0.26 – 0.5, Ks ~ 0.6 – 0.8, Ks ~ 413 

1.4 – 1.8 and Ks ~ 3.2 – 4 (Figs. 2, 3; Table 2 and Supporting Information Table S1), 414 

providing evidence for at least four large8scale or genome8wide duplication events. 415 

��������������	
��
����������	�������and S. ����������K
s plots also show a 416 

population of putative paralog pairs with a normal distribution centered around K
s of 417 

~0.025 (Fig. 2). These components may represent pairs of very recently duplicated genes 418 

or sequencing errors that resulted in assembly of distinct transcripts with high sequence 419 

identity.  420 

As exemplified by “F. novo8caledoniae”, the shape of the Ks distribution derived from the 421 

set of paralogous gene pairs is similar, irrespective of the assembler used (Fig. 3). This 422 

confirms that any putative signal of WGD is robust to the algorithm used for assembling 423 

Illumina reads into transcripts. 424 

In all three species8pair comparisons, the orthologs’ Ks values are centered around ~0.2 425 

while paralogs Ks values are centered around ~0.4 for the most recent duplication event 426 

(Fig. 4 A8C). Divergence of these genera is thus more recent than the duplication events 427 

themselves, which would suggest that the most recent WGD event occurred in an 428 

ancestral lineage leading to Sphagnopsida. 429 
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 430 

*�		����	������������ ��������
����431 

In total we generated 578 gene trees of which 455 and 412 supported at least one 432 

duplication event with bootstrap support ≥50% or ≥80%, respectively. Remarkably, we 433 

observed only seven gene families in which all nine investigated species had at least one 434 

paralog pair with a duplication node showing a bootstrap support ≥50%. Assuming that 435 

the large8scale duplication affected the whole genome this observation suggests highly 436 

variable retention of paralog pairs among species. 437 

 438 

On average, 71875% of the duplication events mapped to the MRCA of all peatmosses 439 

for both bootstrap thresholds used (Table 3). Therefore, our phylogenomic analysis 440 

confirms that all peatmosses share two large8scale duplication events. We also found that 441 

gene trees containing paralog pairs of the two most recent Ks peaks (peaks 1 and 2 in 442 

Table 2) represent duplication events predominantly (more than 80% of them) mapping 443 

to the MRCA of all peatmosses. Only a few appear to be within8species paralogs or are 444 

representatives of older duplications (Table 3, 4). 445 

 446 

487% of the gene trees duplication events were inferred at the MRCA of mosses (MRCA 447 

of ����
	�� and all peatmosses) or at the MRCA of Viridiplantae (Table 3 and Fig. 5). 448 

These duplicates were predominantly located in the third and fourth peaks of the Ks 449 

distribution (Table 2) which, however, also contained a considerable number of paralogs 450 

(about 50%) with duplication events mapping to the MRCA of all peatmosses (Table 4). 451 

Altogether, both the Ks8 and gene tree8based analyses suggest that at least two large8scale 452 

duplication events coincide with or predate the MRCA of peatmosses but postdate the 453 

MRCA of mosses, and these account for about 71875% of the gene duplications 454 

investigated. In contrast, a negligible number of paralog pairs result from a duplication in 455 

the MRCA of all mosses and/or Viridiplantae (Fig. 5). 456 

 457 

We found that divergence time of the paralog pairs with duplication event mapping to the 458 

MRCA of peatmosses could be reliably estimated for only 72 gene trees because the rest 459 
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of the trees did not pass the cross validation procedure and the smoothing parameter 460 

could not be obtained. Running the EMMIX algorithm on the estimated age distribution 461 

favored one normal distribution as the most likely solution over two, with a moderate 462 

support (BICsingle peak= 488, age=197 my [95%CI: ±24]; BICtwo peaks= 494, age1=218 my 463 

[95%CI: ±29], age2=112 my [95%CI: ±10]).     464 

 465 

����
������	������	�
�� ��������
	���	�	��	
��466 

We used the nine GO annotated transcriptomes to ask whether similar functional gene 467 

groups have been preferentially retained after large8scale duplication. For the Ks8based 468 

analysis we only investigated the most recent duplication event shared by all species 469 

(peak 1 in Table 2). We also conducted a similar analysis by testing for functional 470 

enrichment in the gene trees with duplication events that mapped to the MRCA of all 471 

peatmosses relative to the full set of gene trees. Gene pairs preferentially retained after 472 

large8scale duplication were enriched for multiple GO slim categories (Table 5). In 473 

particular, in the Ks8based analysis we found 22, 18, and 22 GO slim categories that were 474 

overrepresented in the duplicated gene set in at least one species in the Biological process, 475 

Molecular function, and Cellular component ontologies, respectively. These numbers 476 

were similar or slightly higher in the gene8tree based analysis with 42, 13 and 21 GO slim 477 

categories. Enriched GO terms were variable among the nine species, showing an overall 478 

greater consistency across species in the gene8tree than in the Ks8based analysis (Table 5 479 

and 6). For instance, no enriched GO slim category was shared across all nine species in 480 

the Ks8based analysis while we found six such GO slim categories in the gene8tree based 481 

analysis. Furthermore, only one GO slim term was shared by five out of the nine species 482 

in the Ks8based analysis while multiple enriched GO slim terms were shared by five or 483 

more species in the gene8tree based analysis (Table 6). 484 

Although GO slim term sharing among species was limited, some functional categories 485 

were shared by multiple species (at least three) both in the Ks8 and gene8tree based 486 

analyses (Table 5 and 6). Paralog pairs retained were frequently enriched for GO slim 487 

terms of the biological process ontology such as signal transduction, protein transport, 488 
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response to abiotic and endogenous stimuli in both the Ks and gene8tree based analyses. 489 

The gene8tree based analysis also suggested the enrichment of functional categories such 490 

as transport, response to stress and to other stimuli, biosynthetic processes, cellular 491 

component organization and homeostasis. Based on the Ks analysis, retained paralogs 492 

were frequently enriched for protein kinase function of the Molecular function ontology, 493 

but many more frequently enriched categories were revealed in the gene tree8based 494 

analysis, including transporter activity, protein binding, transferase activity, catalytic 495 

activity and structural molecule activity (Table 5 and 6). Both the Ks8 and gene tree8based 496 

analyses suggested that retained paralog pairs were preferentially located in protein 497 

complexes of the vacuole, nucleus, plasma membrane in the ribosome or in other 498 

organellar membranes (Table 5 and 6). These results suggest that at a certain level 499 

preferential paralog retention is driven by functional properties of genes; nevertheless, 500 

there is considerable variability among species. 501 

Our gene8tree based analysis suggested that only seven gene families show shared 502 

duplication across all nine species investigated. Although some of these families had 503 

unknown functions others contained genes that are putative ATPase driven ABC82 504 

transporter genes, protein8L8isoaspartate methyltransferase genes or putative chloroplast 505 

chaperonins. 506 

�507 

�508 

(������	��509 

 510 

��+�	��
�	��� 	��	���������
�����������	�,�
��
�	��	�	�
����	��� ���
����� �
���������-�511 

 512 

Studies using molecular dating suggest that although the Sphagnopsida diverged from 513 

other mosses hundreds of millions of years ago, extant �������� diversified rather 514 

recently (ca. 20 mya; Shaw 	
���, 2010a). Our analyses indicate that two large8scale 515 

duplication events predated the split of �������� and non8�������� peatmosses but 516 

postdated that of the MRCA of mosses (Fig. 3, 5 and Table 3 and 4). Therefore, the large8517 

scale duplications must have occurred in the ancestor of all peat mosses (both non8518 
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�������� and ��������) contradicting our hypothesis that only the more speciose 519 

�������� peatmosses have experienced a large8scale duplication event. That is, our data 520 

does not indicate a direct link between the large8scale duplication event and �������� 521 

diversification. Nevertheless, this does not exclude the possibility that the observed large8522 

scale duplication could have contributed to the rapid diversification of �������� 523 

peatmosses. It was recently shown that there is statistical association between 524 

polyploidization and diversification in angiosperms but there is a certain lag time 525 

between the polyploidzation and the diversification events (Soltis 	
���, 2009; Schranz 	
�526 

��, 2012; Tank 	
���, 2015). Therefore, it can be speculated that our results may be in 527 

line with the lag hypothesis.��������� subgenera comprise monophyletic groups that are 528 

to a significant extent ecologically divergent in microhabitat within peatlands (Johnson 	
�529 

��., 2015). Divergent retention of duplicates among species occurring in contrasting 530 

microhabitats and increased substitution rates of duplicates may have contributed to the 531 

rapid radiation of �������� peatmosses into ecologically diverse microhabitats. With 532 

further data and statistical analysis this hypothesis may become testable in the near 533 

future.�534 

 535 

We also found that about 29825% of the duplication events appear to predate the MRCA 536 

of all peatmosses and map either to the MRCA of mosses or to the MRCA of 537 

viridiplantae.  Nevertheless, the absolute numbers of paralog pairs and gene trees 538 

supporting these deep duplication events were low (Table 3 and 4) and overall 539 

significance of these duplicates is unclear. If these deep duplication events turn out to be 540 

genome8wide they will represent the deepest large8scale duplication event yet reported 541 

for land plants. At present, the deepest large8scale duplication event recovered is shared 542 

by all seed plants but not by lycophytes (Jiao 	
���, 2011). 543 

�544 

��*�	�./+�����	����������	�
����	������
�	���	
��	�������	��	�	������	!
���
����545 

It has been proposed that large8scale duplications in multiple land plant lineages are 546 

chronologically clustered around the time of the end8Cretaceous mass extinction (Fawcett 547 

	
���, 2009; Vanneste 	
���, 2014). Lineages with recent genome duplications might have 548 

coped better with the severe environmental conditions, or duplications may have 549 
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facilitated an immediate and rapid response to severe environmental stress (Visscher 	
�550 

��, 2004). The question arises if genome duplication in the Sphagnopsida also occurred 551 

at this time. The whole8genome duplication revealed in the ����
	�� genome is assumed 552 

to have coincided with the end8Cretaceous mass extinction and was inferred to occurred 553 

60870 million years ago (Fawcett 	
���, 2009; Vanneste 	
���, 2014). Our absolute dating 554 

analysis suggests that the duplication found in all peatmoss species is considerably older 555 

than that (197 ± 24 my). Because we constrained nodes with the same ages as in studies 556 

dating the WGD in ����
	�� (Fawcett 	
���, 2009; Vanneste 	
���, 2014) we believe that 557 

our estimate is reliable. Therefore, our inference suggests that the large8scale duplication 558 

is chronologically incongruent with the end8Cretaceous mass extinction event and it 559 

might have been driven by other ecological/climatological/physiological factors. 560 

Nevertheless, other events yet to be discovered in bryophytes may turn out to coincide 561 

chronologically with large8scale genome duplications clustered around the Cretaceous8562 

Paleogene mass extinction (Vanneste 	
���, 2014).   563 

 564 

 565 

��/	�	��	
	�
��������������	����������	��	������	�
����	��566 

 567 

Most gene duplicates after large8scale duplications are typically lost and only a small 568 

proportion is retained over longer periods of time (Vision 	
���, 2000; Blanc & Wolfe, 569 

2004; Paterson 	
���, 2004; Van de Peer & Meyer, 2005; Cui 	
���, 2006; Jaillon 	
���, 570 

2007; Shi 	
���, 2010; Barker 	
���, 2012; Jiao 	
���, 2012; Amborella Genome 571 

Consortium, 2013). Multiple, non8exclusive processes may explain the preferential 572 

retention of gene duplicates, including gene dosage requirements (Conant 	
���, 2014). 573 

The relative gene dosage hypothesis suggests that genes that are part of multiprotein 574 

complexes are preferentially retained because proper function can be only achieved when 575 

components are produced in the right stoichiometry (Papp 	
���, 2003; Freeling & 576 

Thomas, 2006; Edger & Pires, 2009; Freeling, 2009; Birchler & Veitia, 2011; Conant 	
�577 

��, 2014). Previous findings seem to conform to this pattern (Vision 	
���, 2000; Blanc & 578 

Wolfe, 2004; Paterson 	
���, 2004; Van de Peer & Meyer, 2005; Cui 	
���, 2006; Jaillon 579 

	
���, 2007; Barker 	
���, 2008; Shi 	
���, 2010 ; Jiao 	
���, 2011 ; Amborella Genome 580 
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Consortium, 2013). If this applies to the peatmoss species investigated here we would 581 

expect that similar categories would be preferentially retained in all or most of the 582 

species. Our data are generally in favor of the relative gene dosage hypothesis. Both the 583 

Ks8 and the gene tree8based analyses show that the preferentially retained gene set is 584 

enriched for proteins that are part of the ribosome or of ion channels and signal 585 

transduction pathways. This is in line with previous studies showing that genes that are 586 

highly connected and/or are part of macromolecular complexes or stoichiometric 587 

pathways are usually preferentially retained after gene duplication in angiosperms (Hakes 588 

	
���, 2007; Freeling, 2009; Bekaert 	
���, 2011; Rodgers8Melnick 	
���, 2012�.  589 

 590 

We also found patterns of preferential retention that cannot be explained by the relative 591 

dosage hypothesis. These include response to endogenous stimuli or stress, defense 592 

response, transporter activity, and cellular homeostasis. We argue that preferential 593 

retention of these functional categories of genes may be explained by the general biology 594 

of peatmosses. For instance, peatmosses are the dominant components of peatlands, 595 

which are nutrient8poor environments with an acidic pH, unusual metal ion 596 

concentrations, and metal accumulation (Saxena, 2006; Saxena & Saxena, 2012). It is 597 

thus possible that preferential retention of genes with transporter function or importance 598 

in stress response has contributed to the success of peatmosses in their special 599 

environment.  600 

 601 

Importantly, we found relatively few functional categories that were preferentially 602 

represented among retained genes across species compared to another study using a 603 

similar experimental design (Barker 	
���, 2008). This finding can be explained at least in 604 

two ways. First, paralog retention may be related to the ecological niches of the different 605 

species and thus the absence of a common pattern across species might be explained by 606 

local adaptation rather than by relative gene dosage. The latter hypothesis is consistent 607 

with the observation that �������� species sort predictably along niche microhabitat 608 

gradients within peatlands and niche differentiation likely played an important role in 609 

peatmoss diversification (Rydin & Juglum, 2006; Johnson 	
���., 2015a, 2015b). 610 
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Nevertheless, this hypothesis can be only assessed by careful experimental work on the 611 

functional divergence of groups of genes across species.  612 

 613 

Alternatively, it could be argued that dissimilar enrichment of GO terms among the 614 

species in our study may be an artifact because of differential expression of genes or 615 

paralogs across species. Although this bias could certainly affect our results, the study 616 

design was intended to minimize this effect. We extracted RNA using the actively 617 

growing part of the plant (capitulum), which is similarly structured in all species 618 

investigated. We also repeated our analyses using the annotated gene set of the ����
	�� 619 

v1.6 genome as the background set (results not shown), but this did not change the 620 

pattern we observed in the diversity of GO categories for retained paralogues. Although 621 

environmental effects on gene expression patterns cannot be discounted, other studies 622 

using a similar design, sampling only leaves from multiple species, have found that in 623 

contrast to our results similar gene categories were preferentially retained as duplicates 624 

across species (Barker 	
���, 2008; Barker 	
���, 2012). We therefore suggest that 625 

expression differences among species are not a likely explanation for the species8specific 626 

patterns we observed. 627 

 628 

�)�	%����������629 
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9�������>*�3		��89*�8	�����	���?*�����)�����>*�����<	��C���"��������8�������908 

,>*�<��������&�*������	����-�.//;-�Environmental mutagenesis during the end8909 

Permian ecological crisis. ����		������� �
�	�0�
����������	���� ����	��	� 5�� 910 

0/0:12952–12956. 911 

&�����,�-�0557- How often do duplicated genes evolve new functions? /	�	
��� 912 

15:421–428. 913 

&�)�����,*�������"��*���������*�&���	%�!*�8���������?*���������*�914 

��������������*����)�����*����������,'*�'��=�����������������-�./0;- 915 

Phylotranscriptomic analysis of the origin and early diversification of land plants. 916 
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����		������� �
�	�0�
����������	���� ����	��	��� �
�	�5��
	���
�
	��� ���	���� 1–21. 917 

doi:10.1073/pnas.1323926111 918 

A���B*�&��'*�!����,*�3�	��*�:������	��,*�3����*�>�����&*�>��'*�'���*�3���������-��919 

./0;- SOAPdenovo8Trans: De novo transcriptome assembly with short RNA8Seq reads. 920 

1���� ����
��� 1/:166081666. 921 

B����+*����������-�.///- Estimating synonymous and nonsynonymous substitution rates 922 

under realistic evolutionary models. 2��	������1����������������
��� 06:32843. 923 

+�����+*�3��,*�+��	�AI*�&����,*�&	���'<*�B��,-�.//@- KaKs Calculator: 924 

Calculating Ka and Ks through model selection and model averaging. /	�������925 

���
	������1���� ����
��� ;:2598263 926 

+�������(*�3����(*�������<*��	�"������*�����������!*�>���"���*�9������:����927 

B*�����������*����)���-�./01-�Reannotation and extended community resources for the 928 

genome of the non8seed plant ��������
�	������
	�� provide insights into the evolution 929 

of plant gene structures and functions. 12��/	������ 0;:498. doi: 10.1186/1471821648930 

148498. 931 

 932 

Table S1  Bayesian Information Criterion (BIC) values when fitting 1 to 8 933 

components to the Ks distributions by EMMIX. 934 

 935 

Fig. 1. Species tree depicting the phylogenetic relationship of the species used in the gene 936 

tree8based analysis. Most recent common ancestors (MRCA) are shown in gray circles. 937 

Branch lengths are not to scale. 938 

 939 

Fig. 2.  )
s 
frequency plots for paralogous gene pairs from nine��������������species. )

s 940 

distribution components estimated by EMMIX (see Materials and Methods) are 941 

superimposed on the histogram for each )
s plot. Components shared by the majority of 942 

the species are numbered according to Table 2. 943 

Fig. 3.  )
s frequency plots for paralogous gene pairs in “Flatbergium novo8caledoniae”. 944 

Ks values are derived from the transcriptome assembled with Trinity (A) and 945 
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SOAPdenovo8Trans (B). )
s distribution components inferred by EMMIX (see Materials 946 

and Methods) are superimposed on the histogram for each )
s plot. 947 

 948 

Fig. 4. )
s frequency plots for paralogous and orthologous gene pairs from (A) “F. novo8949 

caledoniae” and ���	������, (B) �����	
��
�� and ���	������, and (C)����	���	�� and ��950 

�����
�	�In all species pairs,�the )
s distribution for�paralogs exhibits a mode greater than 951 

the modal )
s values for putative orthologs.  952 

Fig. 5. Inferred location of duplication events discovered by the analysis of peatmoss 953 

paralog pairs. Duplications are indicated by Gaussian curves filled with gray color. 954 

Height of curves refers to the relative number of duplication events discovered. The 955 

question mark above the two most recent duplication events indicates that it is currently 956 

unclear whether there were one or two duplication events. Age of nodes is taken from 957 

Shaw et al. (2010a) and from timetree (www.timetree.org). 958 

 959 

 960 
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Table 1. Voucher information and number of transcripts for species used in the Ks analysis. For�“F. novo8caledoniae” transcript 

numbers are given both for the Trinity and SOAPdenovo8Trans assemblies (separated by a forward slash) 

 

������� 9	����� 3	������

�����? ������

M���M��	��	C���

�����	��N�

!	����N�

�����������

8�������

���	�����	8�
B. Shaw 17606 (DUKE) New Caledonia  E8MTAB84112 62531/12382 

�����	
��
��� B. Shaw 18836 (DUKE) Chile  E8MTAB84112 38755 

���	���	��� Ho, B.C. & Yong, K.T. 138116 (SING) Peninsular Malaysia  E8MTAB84112 56092 

������������ Shaw  s.n  12/10/2011 (DUKE) NC USA  E8MTAB84112 81809 

�� ����!� D. Weston s.n MN USA  PRJNA307187 12758 

���	������� Shaw  s.n    2013/1 (DUKE) NC USA ERX337183 17979 

�������
�	� Rothfels 4143 (DUKE) NC USA SRA319444 24135 

���	������� Rothfels 4144 (DUKE) NC USA SRA319891 21302 

������	������� Shaw s.n  07/4/2011 (DUKE) ME USA E8MTAB82482 48844 
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Table 2.  Mean and standard deviation (in brackets) of the components (normal distributions fitted) found by EMMIX. For “F. novo8

caledoniae” components inferred using the SOAPdenovo8Trans and trinity assemblies are also shown (values are separated by a 

forward8slash). Components are manually aligned across species and sorted in an increasing order. NP indicates that no corresponding 

peak was found; + refers to a significant secondary peak in the distribution. Components shared by the majority of the species are 

labelled as Peak 184.      

 

������� ���)� ���)� :��)�0� :��)�.� :��)�1� ���)� ���)� :��);�

“F. novo8caledoniae” 
NP/0.045(

0.00032) 
NP/0.099(0.0015) 

0.43(0.01)/ 

0.34(0.02) 

0.71(0.034)/ 

0.79(0.08) 

1.69(0.298)/ 

1.88(0.22) 
NP NP 

3.52(0.540)/ 

3.7(0.38) 

�����	
��
��� 0.05(5e84) 0.13(0.003) 0.49(0.05)  1.7(0.40) NP NP 3.7(0.40) 

���	���	���
0.044(2e8

4) 
0.09(0.0012) 0.263(0.012) 0.62(0.05) 1.8(0.40) NP NP 3.79(0.32) 

������������
0.046(0.00

04) 
0.10(0.0016) 0.30(0.01) 0.59(0.04) 1.82(0.35) NP NP 3.71(0.29) 

�� ����!� NP NP 0.30(0.033) 0.76(0.08) 1.66(0.21) 
2.9(0.45) + 

2.71(0.50) 

3.06(0.4

0) 
3.5(0.30) 

���	������� NP 0.09(0.0015) 0.42(0.03)  1.4(0.26) 2.1(0.4) 
2.88(0.7

1) 
3.74(0.14) 

�������
�	� NP 0.08(0.0023) 0.33(0.016) 0.66(0.043) 1.68(0.33) NP 
3.06(0.9

8) 
3.53(0.22) 

���	������� NP 0.08(0.0016) 0.36(0.018) 0.71(0.055) 1.62(0.22) NP 
2.91(0.6

9) 
3.87(0.10) 

������	�������
0.05(0.000

6) 
0.13(0.003) 0.38(0.03)   1.58(0.38) NP NP 3.19(0.73) + 4.1(0.16) 
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Table 3 Number and relative proportion of gene trees and paralog pairs supporting duplication events at different nodes of the species 

tree. Results are provided for two levels of stringency expressed as the bootstrap support of the duplication node (50% and 80 %). 

 

 

 

 

 

 

 

 

 

 

 

 

Stringency Duplication node Species

F. novo-caledoniae E. inretortum F. sericeum S. cribrosum S. fallax S. lescurii S. palustre S. recurvum S. subsecundum AVERAGE

bootstrap ≥ 50%

Total number of paralog pairs assessed 346 384 431 414 185 167 149 144 257

Within-species 2 4.26% 2 2.90% 2 3.08% 15 21.74% 9 24.32% 5 12.20% 5 12.82% 5 12.20% 7 16.28% 12.20%

MRCA of peat mosses 40 85.11% 61 88.41% 52 80.00% 43 62.32% 26 70.27% 28 68.29% 26 66.67% 31 75.61% 21 48.84% 71.72%

MRCA of mosses 3 6.38% 4 5.80% 6 9.23% 8 11.59% 2 5.41% 4 9.76% 3 7.69% 3 7.32% 6 13.95% 8.57%

MRCA of viridiplantae 2 4.26% 2 2.90% 5 7.69% 3 4.35% 0 0.00% 4 9.76% 5 12.82% 2 4.88% 9 20.93% 7.51%

bootstrap ≥ 80%

Total number of paralog pairs assessed 257 294 323 283 121 101 96 86 186

Within-species 1 2.70% 1 1.79% 2 3.85% 8 15.38% 7 23.33% 2 6.25% 4 12.50% 4 12.12% 3 9.09% 9.67%

MRCA of peat mosses 32 86.49% 53 94.64% 42 80.77% 38 73.08% 22 73.33% 24 75.00% 21 65.63% 26 78.79% 16 48.48% 75.13%

MRCA of mosses 2 5.41% 1 1.79% 3 5.77% 3 5.77% 1 3.33% 2 6.25% 2 6.25% 1 3.03% 5 15.15% 5.86%

MRCA of viridiplantae 2 5.41% 1 1.79% 5 9.62% 3 5.77% 0 0.00% 4 12.50% 5 15.63% 2 6.06% 9 27.27% 9.34%
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Table 4 Number and relative proportion of gene trees supporting duplication events at different nodes of the species tree. Results are 

provided for two ranges of paralog divergence (Ks range) and for two levels of stringency expressed as the bootstrap support of the 

duplication node. 

 

 

 

 

 

 

Stringency Ks range Duplication node Species

F. novo-caledoniae E. inretortum F. sericeum S. cribrosum S. fallax S. lescurii S. palustre S. recurvum S. subsecundum AVERAGE

bootstrap ≥ 50%

0<Ks≤1

Within-species 2 5.88% 2 4.44% 2 4.65% 15 28.85% 9 31.03% 5 20.00% 6 26.09% 3 13.04% 8 33.33% 18.59%

MRCA of peat mosses 32 94.12% 43 95.56% 41 95.35% 37 71.15% 20 68.97% 20 80.00% 17 73.91% 19 82.61% 15 62.50% 80.46%

MRCA of mosses 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 1 4.17% 0.46%

MRCA of viridiplantae 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 1 4.35% 0 0.00% 0.48%

1<Ks≤4

Within-species 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 1 6.67% 0 0.00% 0.74%

MRCA of peat mosses 10 66.67% 22 78.57% 13 54.17% 9 45.00% 8 80.00% 9 52.94% 9 52.94% 8 53.33% 8 34.78% 57.60%

MRCA of mosses 3 20.00% 4 14.29% 6 25.00% 8 40.00% 2 20.00% 4 23.53% 3 17.65% 2 13.33% 6 26.09% 22.21%

MRCA of viridiplantae 2 13.33% 2 7.14% 5 20.83% 3 15.00% 0 0.00% 4 23.53% 5 29.41% 4 26.67% 9 39.13% 19.45%

bootstrap ≥ 80%

0<Ks≤1

Within-species 1 3.57% 1 2.70% 1 2.78% 8 19.51% 7 28.00% 2 10.53% 5 27.78% 4 14.81% 5 23.81% 14.83%

MRCA of peat mosses 27 96.43% 36 97.30% 35 97.22% 33 80.49% 18 72.00% 17 89.47% 13 72.22% 22 81.48% 15 71.43% 84.23%

MRCA of mosses 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 1 4.76% 0.53%

MRCA of viridiplantae 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 1 3.70% 0 0.00% 0.41%

1<Ks≤4

Within-species 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 0 0.00% 1 6.67% 0 0.00% 0.74%

MRCA of peat mosses 9 69.23% 19 82.61% 7 46.67% 7 53.85% 6 85.71% 8 57.14% 8 53.33% 8 53.33% 5 26.32% 58.69%

MRCA of mosses 2 15.38% 2 8.70% 3 20.00% 3 23.08% 1 14.29% 2 14.29% 2 13.33% 2 13.33% 5 26.32% 16.52%

MRCA of viridiplantae 2 15.38% 2 8.70% 5 33.33% 3 23.08% 0 0.00% 4 28.57% 5 33.33% 4 26.67% 9 47.37% 24.05%
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Table 5. GO slim categories overrepresented in the most recent duplication event (referred to as peak 1 in table 2) shared by all species 

investigated. Only GO slim terms overrepresented at least in one species are shown. Significantly overrepresented terms (false8

discovery rate ≤ 0.05) are shown in black and underrepresented terms in grey. Non8significant terms are in white. Description for 

terms overrepresented in at least three species is highlighted. 

 

                      

GO ID Description 
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 �
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�	

��
��

�
�

�

�
�
��

�
�	

��
�
�
�
�

�

��	�	�������	����	��	�	���          

GO:0006091 generation of precursor metabolites and energy                   

GO:0006259 DNA metabolic process                   

GO:0006464 cellular protein modification process                   

GO:0006810 transport                   

GO:0006950 response to stress                   

GO:0007165 ����������������	��                   

GO:0007275 multicellular organismal development                   

GO:0008219 cell death                   

GO:0008283 cell proliferation                   

GO:0009607 response to biotic stimulus                   

GO:0009628 ����	�����	��"�	������������                   

GO:0009653 anatomical structure morphogenesis                   
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GO:0009719 ����	�����	����	���	������������                   

GO:0015031 ��	�����������	���                   

GO:0016032 viral reproduction                   

GO:0016043 cellular component organization                   

GO:0016049 cell growth                   

GO:0019538 protein metabolic process                   

GO:0044238 primary metabolic process                   

GO:0044267 cellular protein metabolic process                   

GO:0065007 biological regulation                   

GO:0071704 organic substance metabolic process                   

�	�������
����	��	��	�	���          

GO:0000166 nucleotide binding                   

GO:0001071 nucleic acid binding transcription factor activity                   

GO:0003676 nucleic acid binding                   

GO:0003677 DNA binding                   

GO:0003682 chromatin binding                   

GO:0003700 sequence8specific DNA binding transcription factor activity                   

GO:0003774 motor activity                   

GO:0004672 ��	�����)��������������                   

GO:0004721 phosphoprotein phosphatase activity                   

GO:0004871 signal transducer activity                   

GO:0005198 structural molecule activity                   

GO:0005515 protein binding                   

GO:0008092 cytoskeletal protein binding                   

GO:0030234 enzyme regulator activity                   

GO:0030246 carbohydrate binding                   

GO:0042393 histone binding                   

GO:0097159 organic cyclic compound binding                   

GO:1901363 heterocyclic compound binding                   
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8��������	��	�����	��	�	���          

GO:0005576 extracellular region                   

GO:0005618 cell wall                   

GO:0005634 �������                   

GO:0005635 nuclear envelope                   

GO:0005654 nucleoplasm                   

GO:0005694 chromosome                   

GO:0005730 nucleolus                   

GO:0005739 mitochondrion                   

GO:0005768 endosome                   

GO:0005773 ���	���                   

GO:0005783 endoplasmic reticulum                   

GO:0005794 '	��������������                   

GO:0005829 cytosol                   

GO:0005840 ��"	�	���                   

GO:0005856 cytoskeleton                   

GO:0005886 ����������"�����                   

GO:0009579 thylakoid                   

GO:0016023 cytoplasmic membrane8bounded vesicle                   

GO:0031981 nuclear lumen                   

GO:0043232 intracellular non8membrane8bounded organelle                   

GO:0043234 ��	�����	���� �                   

GO:0071944 cell periphery                   
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Table 6 GO slim categories overrepresented in the gene trees with one or more duplication events inferred in the MRCA of all 

peatmosses. Only GO slim terms overrepresented at least in one species are shown. Significantly overrepresented terms (false8

discovery rate ≤ 0.05) are shown in black. Non8significant terms are in white. Description for terms overrepresented in at least three 

species is highlighted. 

 

GO ID Description 
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�
�

�

�	�������
����	��	��	�	���

GO:0003674 molecular_function 1   1             

GO:0004518 nuclease activity 1                 

GO:0005215 ������	������������� 1   1 5 1 9 9 3 1 

GO:0005515 ��	�����"������� 1 1 2             

GO:0016740 �����
�������������� 1   2 3           

GO:0016787 ����	������������� 1     1 1     4 1 

GO:0003824 ����������������   1   4 10         

GO:0005198 �����������	��������������   1   2 2 1 1 1 1 

GO:0030234 enzyme regulator activity     1             

GO:0005488 "�������     1   1 1 1   2 
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GO:0003723 RNA binding       1           

GO:0030234 enzyme regulator activity       1           

GO:0003824 catalytic activity               1 4 

��	�	�������	����	��	�	���

GO:0006139 nucleobase8containing compound metabolic process 2                 

GO:0006464 cellular protein modification process 2                 

GO:0006810 ������	��� 7 1   5   7 7 4 3 

GO:0007165 ����������������	�� 1             1 1 

GO:0007275 �������������	���������������	������ 5 4 1 2 3     1 4 

GO:0008150 "�	�	����O��	���� 20 12 7 22 14 17 17 14 23 

GO:0008152 ����"	�����	���� 4   3   7 12 12 2   

GO:0008219 cell death 1   1             

GO:0009628 ����	�����	��"�	������������ 1 1 1 3 1 1 1   3 

GO:0009653 ����	���������������	���	�������� 2 4             1 

GO:0009791 post8embryonic development 3 1               

GO:0009908 flower development 2                 

GO:0009987 cellular process 5     7           

GO:0016043 ��������	��	�����	�����=���	�� 1         1 1     

GO:0019725 ���������	��	������� 1 1       2 1     

GO:0040007 growth   1               

GO:0006950 ����	�����	��������   1 4 4 4       3 

GO:0009605 ����	�����	�� ����������������   1 2 3 4       3 

GO:0009607 ����	�����	�"�	������������   1 3 3 4       3 

GO:0000003 reproduction     1             
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GO:0006139 ����	"����	���������	��	��������"	�����	����     1 2 2 10 10 1   

GO:0009987 ����������	����     3   6 11 11 6 7 

GO:0019538 protein metabolic process       2           

GO:0015979 photosynthesis       1           

GO:0009719 ����	�����	����	���	������������       1 2     4 4 

GO:0008152 metabolic process       6           

GO:0009058 "�	�����������	����       2   3 1 1   

GO:0006091 generation of precursor metabolites and energy       1         1 

GO:0006412 translation       1           

GO:0006629 lipid metabolic process         1         

GO:0009058 biosynthetic process         3   3     

GO:0009791 post8embryonic development         1         

GO:0009790 embryo development                 1 

GO:0009791 post8embryonic development                 1 

GO:0009856 pollination                 1 

GO:0016043 cellular component organization                 2 

GO:0016049 cell growth                 1 

GO:0030154 cell differentiation                 1 

GO:0040007 growth                   

GO:0007049 cell cycle                   

GO:0007154 cell communication                   

8��������	��	�����	��	�	���

GO:0005575 �������O	��	����� 2 8 4 20 7 7 7 2 10 

GO:0005622 ������������� 2 4 2 17 6 4 4 2 9 

GO:0005623 ���� 2 5 4 18 6 4 4 2 9 
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GO:0005635 nuclear envelope 1                 

GO:0005737 ��	������ 2 3 1 11 4 4 4 1 5 

GO:0005773 ���	��� 1 1   2   2 2     

GO:0005777 peroxisome 2   1             

GO:0005783 ���	���������������� 1     1   1 1     

GO:0005829 ��	�	�� 1 2 1 4 2 1 1 1 1 

GO:0005886 ����������"����� 1 1 1 1 1 1 1 1 1 

GO:0016020 ���"����� 1 2 2         2   

GO:0005840 ��"	�	���   2 1 4 3 2 2 1 1 

GO:0005730 ����	����   1   1   1 1     

GO:0005618 ����%����   1   1       1   

GO:0009536 ��������       5 2       2 

GO:0009579 �����)	���       4 1       4 

GO:0016020 ���"�����       6 4 4 4   5 

GO:0005576 extracellular region       1           

GO:0005739 mitochondrion       2           

GO:0005768 endosome       1 1         

GO:0005794 Golgi apparatus                 1 
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Fig. 1 
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Fig. 2 
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Fig 3 
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Fig 4 
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