Methods used for analysis of plant evolution
Estimation of divergence times of clades
Phylogeny and absolute divergence times of clades were estimated using a Bayesian approach as implemented in software BEAST v. 1.8 (Drummond et al., 2012). The analyses were set up as described below, using software BEAUti v. 1.8 (Drummond et al., 2012). Two identical analyses were run, each for 100 million generations, with parameters logged every 10 000 generations. In addition a third analysis was run, identical to the other two but with sampling from priors only. Values sampled for different parameters and convergence of runs were examined and assessed in Tracer v. 1.5 (Rambaut and Drummond, 2007). Results were summarized using LogCombiner v. 1.8 and Tree Annotator v. 1.8 (Drummond et al., 2012). Graphic output was produced in FigTree (http://tree.bio.ed.ac.uk/software/figtree/).
Substitution models. The data set was partitioned into three partitions corresponding to the three protein-coding genes used (rbcL, atpB, rps4). Substitution models were selected for each gene region according to the corrected Akaike information criterion and the Bayesian information criterion as estimated using the Perl script MrAIC v. 1.4 (Nylander, 2004) in in combination with PHYML v. 3.0 (Guindon et al., 2010). The general time reversible model (GTR), with gamma distributed rates (four categories and shape parameter estimated from the data) and a proportion of invariable sites, was estimated as best-fitting model for all three genes. The data partitions were unlinked and base frequencies were estimated separately for each data partition.
Clock models. The assumption of a strict molecular clock (i.e., a constant substitution rate) was clearly violated for the present data set, as shown by preliminary analyses using a relaxed clock with uncorrelated rates drawn from a lognormal distribution. While the prior settings of these runs put considerable weight on constant substitution rates, the marginal densities for the clock parameter ucld.stdev sampled during the analyses differed clearly from those sampled from the prior alone, and do not have any significant density at zero. A strict molecular clock model is thus inappropriate for our data. Initially we considered several options for how to relax the molecular clock and allow for among-lineage variation in substation rate. A random local clock model assumes the same rate within discrete regions of the tree (but allows these regions to diﬀer in rates), and recent methodological advances allows for integration over the uncertainty of number of rate shifts (number of local clocks) appropriate for the data at hand (Drummond and Suchard, 2010). However, implementation of random local clocks in a Bayesian framework are reported complicated (Drummond and Bouckaert, 2014), and our analytical outputs were unsatisfactory. The concept of auto-correlated clock rates was not considered for this data set of distantly related taxa; instead we selected uncorrelated clock rates, in which substitution rates of branches are allowed to vary by being independently drawn from an underlying known distribution. Exponential and lognormal distributions were tested for this purpose and yielded similar result but effective sample size (ESS) values for the clock parameters, the tree likelihood and the posterior were higher when using the exponential distribution. Thus, for our final analyses we employed a relaxed clock model, with uncorrelated substation rates drawn from an exponential distribution. The clock model was unlinked; i.e., the parameters of the clock model were estimated for each gene region separately. Exponential prior distribution was specified for the clock parameter (uced.mean: initial value 5, mean5, offset 0).
Tree priors. As tree prior for the present set of data, with samples from the large and ancient land plant clade, we selected a mechanistic birth-death model appropriate for data sets with incomplete sampling (Stadler, 2009). It models speciation rates as well as extinction rates. This tree prior was selected for all data partitions. Partitions were linked, and parameters of the tree prior were thus estimated for the entire data set. A bifurcating topology created from a parsimony analysis (see above) was used as staring tree.
Calibration to absolute time. The following clades were defined as monophyletic and prior age distributions were assigned with the aim to as best as possible describe the prior probabilities of age of clades based on fossil documentation of respective groups. All geological ages are taken from the most recent GSA Geological Time Scale (Gradstein et al., 2012).
Land plants. A lognormal prior distribution was specified for the root height, with an offset of 467 Ma (million years before present) and a mean in real space of 15 Ma (log stdev 0.5), based on the earliest evidence of land plants, “cryptospores” from the mid-Ordovician (Llanvirn) (Taylor et al., 2009). The clade to which these fossils belong must be older than the fossil, however, it appears likely that spores of land plants would have been found in older strata if present, and we therefore prefer a relatively narrow prior distribution. Our settings result in a prior distribution in which the median age of the land plant clade is 480 Ma, and 97.5% of the prior probability of the age of the clade is above (younger than) 502 Ma.
Vascular plants. The two oldest fossils that can be assigned to either daughter lineage of the ancestor of crown group vascular plants are Asteroxylon mackiei (Kidston and Lang, 1920) and Eophyllophyton bellum (Hao, 1988). The former is an early lycopsid (Kenrick and Crane, 1997) from deposits of Rhynie chert radiometrically dated to early Devonian (Pragian) (408-411 Ma) by Rice et al. (1994), and the latter a stem-relative of Euphyllophytes (Kenrick and Crane, 1997) from the Posongchong Formation, Yunnan, China, also dated to early Devonian (Pragian) by Hao (1989). However, to accommodate for the controversial but possible (see Hueber, 1992; Kenrick and Crane, 1997) presence of lycopsids already in the late Silurian as represented by Baragwanathia longifolia (Lang and Cookson, 1935), possibly from Ludlow (427-423 Ma), Garratt and Rickards, 1987; Garratt et al., 1984), a lognormal prior with an offset of 408 Ma, a mean in real space of 20 (log stdev of 0.75) was specified for crown group vascular plants. These settings result in a prior age distribution of the clade with a median of 423 Ma and 97.5% probability cutoff of 473.7 Ma.
Euphyllophytes. A lognormally distributed age prior with an offset of 394 Ma and a mean in real space of 10 (log stdev of 0.75) was specified for crown group Euphyllophytes, based on the oldest known descendant of this node (Kenrick and Crane, 1997), the fossil Pertica varia (Granoff et al., 1976) from the early Devonian Battery Point Formation, Canada, from the mid to late Emsian (Hoffman and Tomescu, 2013), corresponding to about 402-394 Ma.
Heterosporpus lycopods. A lognormally distributed prior with an offset of 331 Ma, a mean in real space of 20 and log(stdev) of 0.75 was specified for the heterosporous lycopod crown group, based on the oldest fossils that have been safely assigned to either daughter lineage of the Selaginella-Isoetes ancestor: the isoetalean taxa Paralycopodites (Bateman and DiMichele, 1994), and the selaginellalean Selaginellites resimus (Korall et al., 1999; Rowe, 1988) from the early Visean (347-331 Ma). There are in addition older taxa that are often discussed as possible isoetalean taxa, such as Protostigmaria, Cyclostigma, Lepidosigillaria and Clevelandodendron (Bateman and DiMichele, 1994; Chitaley and Pigg, 1996; Kenrick and Crane, 1997; Korall et al., 1999). Although the phylogenetic position of these taxa have not been established with confidence (see also Stewart and Rothwell, 1993, p. 127), their probable rhizomorphic habit and/or abscising leaves indicate that they may be members of the Selaginella-Isoetes crown group, which would push back the split between Isoetes and Selaginella to the Late Devonian (Korall et al., 1999), i.e., 383-359 Ma. Moreover, heterosporous lycopsid strobili are reported from as far back in time as the Middle Devonian (Schweitzer and Cai, 1987), i.e., 393-383 Ma. The prior distribution was set to accommodate for these indications.
Seed plants. A relatively broadly distributed lognormal prior was specified for seed plants, with an offset of 312 Ma, a mean in real space of 20, and log(stdev) of 0.5, based on the oldest members of crown group seed plants, the Cordaites (Doyle, 2008; Hilton and Bateman, 2006). Cordaites are unequivocally documented from the mid-Pennsylvanian (312 Ma), but were probably present already during the late Mississippian (Taylor et al., 2009), i.e., 323-331 Ma.
Angiosperms. Unequivocal angiosperm remains in the form of isolated plant organs and pollen with reticulate-collumellate pollen wall are not reported prior to the Valanginian-Hauterivian (Friis et al., 2011), i.e., 131-139 Ma. The age of the clade is likely somewhat older and a lognormally distributed age prior was specified, with an offset of 135 Ma, a mean in real space of 15 Ma, and log(stdev) of 0.75.
Eudicots. Rarely occurring triaperturate pollen from the late Barremian to early Aptian represent the earliest evidence of the eudicots (Friis et al., 2011). This pollen type is distinct and would most probably have been found in older strata if present. Thus, we specify a narrowly distributed age prior of eudicots, an exponential prior with an offset of 126 Ma with a mean of 1.
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