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Abstract:  27 

Survival in harsh environments is associated with several adaptations in plants. Species in the 28 

Portulacineae (Caryophyllales) have adapted to some of the most extreme terrestrial conditions on 29 

Earth, including extreme heat, cold, and salinity. Here, we generated 52 new transcriptomes and 30 

combined these with 30 previously generated transcriptomes, forming a dataset containing 68 species 31 

of Portulacinaeae, seven from its sister clade Molluginaceae, and seven outgroups. We performed a 32 

phylotranscriptomic analysis to examine patterns of molecular evolution within the Portulacineae. Our 33 

inferred species tree topology was largely congruent with previous analyses. We also identified several 34 

nodes that were characterized by excessive gene tree conflict and examined the potential influence of 35 

outlying genes. We identified gene duplications throughout the Portulacineae, and found corroborating 36 

evidence for previously identified paleopolyploidy events along with one newly identified event 37 

associated with the family Didiereaceae. Gene family expansion within Portulacineae was associated 38 

with genes previously identified as important for survival in extreme conditions, indicating possible 39 

molecular correlates of niche changes that should be explored further. Some of these genes also 40 

showed some evidence for positive selection. The correlation between gene function and expansion 41 

suggests that gene/genome duplication have likely contributed to the extreme adaptations seen in the 42 

Portulacineae.  43 

  44 

key words: gene tree conflict, gene duplication, molecular evolution, paleopolyploidy, Portulacineae, 45 

stress adaptation  46 
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Introduction 48 

Temperature and water availability are two major ecological variables that influence plant distribution 49 

and survival (e.g., Peel et al. 2007). Plants living in severe environments that are characterized by 50 

extremely low precipitation, extreme temperature ranges, intense sun and/or dry winds, often exhibit 51 

morphological, physiological, and ecological characteristics that allow them to cope with such highly 52 

variable abiotic stresses (Gibson 1996; Kreps et al. 2002). We may expect to find some signature of the 53 

transitions in the phenotypic adaptations to survive these environments within genes and genomes. 54 

While researchers have addressed these questions in several ways in different clades (e.g., Christin et al. 55 

2007), until recently it has not been possible to obtain large scale genomic and transcriptomic data for 56 

large clades.  57 

The Portulacineae comprises ~ 2200 species in nine families and 160 genera (Nyffeler and 58 

Eggli 2010a; Angiosperm Phylogeny Group 2016) that are inferred to have diverged from its sister 59 

group ~54 Mya (Arakaki et al. 2011). Species in this suborder are incredibly morphologically diverse, 60 

ranging from annual herbs to long-lived iconic stem succulents to trees. They also exhibit variable 61 

habitat preferences ranging from rainforests to deserts (Smith et al. 2018). While some species exhibit a 62 

worldwide distribution, the majority are restricted to seasonally dry areas of the northern and southern 63 

hemisphere, under either hot arid or cold arid conditions (Hernández-Ledesma et al. 2015). Many 64 

specialized traits such as fleshy or succulent stems, leaves, and/or underground parts, have arisen in 65 

association with the adaptation of this clade to xeric, alpine and arctic environments. Portulacineae also 66 

includes several transitions to Crassulacean acid metabolism (CAM) and C4 photosynthesis that 67 

improve photosynthetic efficiency and hence minimize water loss in hot and dry environments 68 

compared to C3 photosynthesis (Edwards and Walker 1983; Borland et al. 2009; Edwards and Ogburn 69 

2012). 70 

The Cactaceae encompasses roughly 80% of species in Portulacineae (~1850 species; Nyffeler 71 

and Eggli 2010b) including one of the most spectacular New World radiations of succulent plants 72 

(Mauseth 2006; Arakaki et al. 2011). In addition to succulent structures that enable water storage, they 73 

exhibit an array of adaptations to cope with arid and semiarid conditions. This includes spines 74 

(modified leaves) with some advantageous effects (Anderson 2001) and extensive, but relatively 75 

shallow, root systems that facilitate quick absorption of rainfall (Gibson and Nobel 1990). In addition 76 

to Cactaceae, Didiereaceae exhibit similar but less pronounced adaptations to the hot and seasonally 77 

dry environments of Madagascar (Arakaki et al. 2011). By including only 20 species, Didiereaceae 78 

have lower species diversity compared to Cactaceae, whereas they are no less interesting in their 79 

specialized adaptations, including the evolution of thorns and succulent leaves. In contrast to the 80 
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largely tropical and subtropical Cactaceae and Didiereaceae, Montiaceae has a cosmopolitan 81 

distribution with most species occurring in colder environments. Some even inhabit high alpine zones 82 

and/or the high Arctic, especially for species within the genera Claytonia and Montia (Ogburn and 83 

Edwards 2015; Stoughton et al. 2017). The repeated adaptations to harsh environments and remarkable 84 

habitat disparity within the Portulacineae suggest the potential that ancestral genomic elements may be 85 

predisposed to repeated co-option within each clade. 86 

In the face of rapid environmental changes, understanding the capacity of plants to survive and 87 

evolve in different environments requires study of the genetic basis of adaptation to abiotic stresses 88 

(e.g., cold, hot, and dry conditions; Chaves et al. 2003; Fournier-Level et al. 2011). For example, genes 89 

involved in the abscisic acid (ABA) signaling pathway [e.g., ABRE-binding protein/ABRE-binding 90 

factors, the dehydration-responsive element binding (DREB) factors, and the NAC transcription factors 91 

(e.g., Qin et al. 2004, Nakashima et al. 2012)] have been demonstrated to function in drought, cold, and 92 

heat responses (Nakashima et al. 2014). However, plant stress responses may be complicated by 93 

multiple stresses (Nakashima et al. 2014), and so the role of genes to stress are still mostly unknown. 94 

Thus, by examining genes and genomes in plant lineages that have experienced macroevolutionary 95 

adaptations to stressful conditions we may yet gain new insights into the evolution of stress responses 96 

that may be broadly applicable to plant biology. Given their propensity for high stress environments, 97 

diverse ecophysiology, and relatively high number of species, the Portulacineae is an excellent group to 98 

explore such patterns. 99 

Recent phylogenetic work has helped resolve relationships within the Portulacineae, although 100 

several key nodes around the early divergence of Portulacineae remain only moderately or poorly 101 

supported (Arakaki et al. 2011; Ogburn and Edwards 2015; Yang et al. 2018; Moore et al. 2017; 102 

Walker et al. 2018a). Several of these nodes may reflect rapid radiations (Arakaki et al. 2011) that 103 

deserve further examination. In addition, recent studies have inferred multiple paleopolyploidy events 104 

in Portulacineae, including one at the base of the clade (Yang et al. 2018). With increased taxon 105 

sampling, we may detect additional whole genome duplication (polyploidy) events. In this study, we 106 

analyzed 82 transcriptomes (of which 52 are newly generated) to better understand the evolutionary 107 

history of Portulacineae. By closely examining gene-tree/species-tree conflict, patterns of gene 108 

duplication and paleopolyploidy, and clade-specific evolutionary patterns of genes associated with 109 

stress-related responses, we aimed to 1) identify nodes with significant gene tree discordance and 110 

reveal the underlying mechanisms that are responsible for conflicting hypotheses; 2) confidently 111 

identify lineage-specific genome duplication events through improved taxon sampling within 112 
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Portulacineae; and 3) test whether gene/genome duplications are associated with clade-specific 113 

adaptive traits. 114 

 115 

Results and Discussion 116 

 117 

Phylogeny of Portulacineae 118 

Our concatenated supermatrix contained 841 gene regions and had a total aligned length of 1,239,871 119 

bp. The matrix had a gene occupancy of 95.4% and character occupancy of 84.5%. Of the ingroup taxa, 120 

only Pereskia aculeata had a gene occupancy less than 80%, while the majority (67 taxa) had over 90% 121 

of genes present in the final supermatrix. 122 

Both the concatenated maximum likelihood tree (hereafter the CML tree) and the maximum 123 

quartet support species tree (MQSST) recovered the same topology with similar support values (fig. 1), 124 

all of which were largely consistent with previous estimates of the Portulacineae phylogeny. However, 125 

because bootstraps may be a poor indicator of support in large phylogenomic datasets (e.g., wrong 126 

phylogeny can be increasingly supported as more sequence data are added, Alfaro et al. 2003; Phillips 127 

et al. 2004), we also conducted gene tree conflict analyses (fig. 2A, Smith SA et al. 2015).  For 128 

example, we found strong support (100% multi-locus bootstrap from ASTRAL and ML bootstrap) for 129 

the sister relationship of Molluginaceae and Portulacineae (fig. 1), consistent with several recent 130 

studies (Edwards and Ogburn 2012; Yang et al. 2015, 2018; Moore et al. 2017), but also found that 131 

most gene trees were either uninformative for this clade or conflicted with the ML result. Our analysis 132 

recovered the ACPT clade (Anacampserotaceae, Cactaceae, Portulacaceae and Talinaceae; Hershkovitz 133 

and Zimmer 1997; Applequist and Wallace 2001; Applequist et al. 2006; Nyffeler 2007; Nyffeler and 134 

Eggli 2010b; Ocampo and Columbus 2010; Arakaki et al. 2011; Moore et al. 2017), with high support 135 

across genes trees for a topology of (((A, P), C), T) (figs. 1-2). The resolution of major clades within 136 

Portulacineae generally agrees with that of Moore et al. (2017) using a targeted enrichment approach. 137 

Our broad taxon sampling also allowed for resolution of many deeper relationships within 138 

Portulacineae families. We found support for the sister relationship of Didiereaceae subfamilies 139 

Portulacarioideae (Ceraria and Portulacaria) and Didiereoideae (Madagascar Didiereaceae; 140 

Applequist and Wallace 2003; fig. 1), and although many gene trees were uninformative at this node, 141 

the ML resolution was the dominant gene tree topology (fig. 2A). While relationships among the 142 

genera within the Didiereoideae have been difficult to resolve with targeted-gene analyses (Applequist 143 

and Wallace 2000; Nyffeler and Eggli 2010b), we recovered very strong support (100%) in gene tree 144 

analyses for a clade of ((Alluaudia+Alluaudiopsis), (Didierea+Decarya)). This result differs from 145 
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Bruyns et al. (2014) that found Alluaudiopsis to be sister to the remaining Didiereoideae.  146 

Within Cactaceae, we recovered three major clades (Pereskia s.s., Leuenbergeria, and the core 147 

cacti, as in Edwards et al. 2005, Bárcenas et al. 2011) with strong support (> 97%, fig. 1), but with 148 

substantial gene tree discordance (see below, fig. 2A). In fact, the majority of genes (>85%) in the 149 

earliest diverging nodes within Cactaceae were either uninformative or conflicted with each other (fig. 150 

2A). Within the core cacti, we recovered Maihuenia as sister to Cactoideae with strong support, and 151 

this clade as sister to Opuntioideae as found by Edwards et al. (2005) and Moore et al. (2017). 152 

Nevertheless, the position of Maihuenia has previously been found to be highly unstable (e.g., within 153 

Opuntioideae, Butterworth and Wallace 2005; sister to Opuntioideae, Nyffeler 2002; or sister to 154 

Opuntioideae+Cactoideae, Hernández-Hernández et al. 2014; Moore et al. 2017). Unlike other areas 155 

within the Cactaceae that have high gene tree discordance, the monophyly of Opuntioideae (e.g., 156 

Barthlott and Hunt 1993; Wallace and Dickie 2002; Griffith and Porter 2009; Hernández-Hernández et 157 

al. 2011) and Cactoideae (Nyffeler 2002; Bárcenas et al. 2011) had relatively high concordance (95-97% 158 

gene trees support these monophyletic groups; fig. 2A). The high level of discordance among gene 159 

trees within Opuntioideae likely reflects the difficulty of resolving relationships among tribes that 160 

could not be monophyletic (e.g., Cylindropuntieae, Opuntieae; Edward et al. 2005; Bárcenas et al. 2011; 161 

Hernández-Hernández et al. 2011). However, these conflicts may also be attributed to limited taxon 162 

sampling as we only have one or two species representing each tribe (figs. 1 and 2A). The topology of 163 

the Cactoideae was largely congruent with previous studies (e.g., Butterworth et al. 2002; Nyffeler 164 

2002; Bárcenas et al. 2011; Hernández-Hernández et al. 2011). Within Cacteae, the resolution of the 165 

five sampled genera was strongly supported and are consistent with what was recovered by Hernández-166 

Hernández et al. (2011) and Vázquez-Sánchez et al. (2013) using five loci. However, the core 167 

Cactoideae (sister to Cacteae, Hernández-Hernández et al. 2011) was poorly supported (52% CML and 168 

54.5% MQSST, fig. 1) in both species tree inferences. With limited taxon sampling, some relationships 169 

(e.g., the monophyly of the Pachycereeae) are largely consistent with previous classification (e.g., 170 

Nyffeler and Eggli 2010b), whereas others (e.g., the position of Gymnocalycium) are still controversial 171 

among studies (Arakaki et al. 2011; Bárcenas et al. 2011; Hernández-Hernández et al. 2014).  172 

 173 

Assessing conflict on specific nodes 174 

As genomes and transcriptomes have become increasingly available, our ability to analyze 175 

phylogenetic conflict and concordance across hundreds or thousands of genes has increased 176 

significantly. One of the major findings of these genome-scale studies is that gene tree conflicts are 177 

prevalent throughout the tree of life (e.g. Degnan and Rosenberg 2009, Jarvis et al. 2014). 178 
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Incongruence among genealogies can result from numerous processes, including incomplete lineage 179 

sorting (ILS), horizontal gene transfer (HGT), and gene duplication and loss (Maddison, 1997). 180 

Methods that explicitly model the source of discordance among multi-locus data are very important for 181 

correctly inferring the underlying species tree (Liu and Pearl 2007; Liu et al. 2008), but a close 182 

examination of gene-specific discordance is also valuable because it may reveal the underlying 183 

processes that characterize the evolutionary history of a given clade (e.g., Shen et al. 2017). Above, we 184 

discussed gene tree conflict as it pertains to support, or lack thereof, for different clades. To specifically 185 

address gene-specific support for alternative relationships, we examined individual genes and their 186 

support for nodes, focusing on phylogenetic relationships that had previously been identified to have 187 

significant conflicts. With these conflict assessments, we examined one focal node. This allowed for 188 

alternative resolutions at a node while allowing for the remainder of the tree to be optimized for the 189 

highest maximum likelihood topology. Therefore, even though two genes may support the same 190 

resolution for the node of interest, they may have completely different topologies in areas excluding 191 

this node. This focused analysis allowed us to isolate the signal at particular nodes without having to 192 

accommodate the many diverse processes that may shape conflict in other parts of the tree. 193 

Within Portulacineae, several regions of the tree have been identified in previous studies as 194 

having significant conflict and/or low support, e.g. the early divergences of Cactaceae, the relationship 195 

among Portulacaceae, Cactaceae, and Anacampserotaceae, and the positions of Basellaceae and 196 

Didiereaceae (e.g., Moore et al. 2017, Walker et al. 2018a). For example, Portulacaceae has been 197 

recovered as sister to Anacampserotaceae (Ogburn and Edwards 2015; Walker et al. 2018a; and 198 

recovered here) and to Cactaceae (Arakaki et al. 2011; Moore et al. 2017). We examined the three 199 

topological positions among these families to determine the gene-wise pattern of support for each 200 

topology. Within the above three topological constraints, 476 (out of 841) genes supported 201 

Anacampserotaceae+Portulacaceae, 164 genes supported Cactaceae+Portulacaceae, and 201 genes 202 

supported Cactaceae+Anacampserotaceae.  203 

Recently, studies have demonstrated that only a few genes in phylogenomic datasets can drive 204 

the resolution of nodes (e.g., Brown and Thomson 2017; Shen et al. 2017; Walker et al. 2018b). Using 205 

these node-specific analyses, we found several outlying genes (i.e., genes highly favor one topology 206 

over the other) despite high topological support as measured by bootstraps (fig. 2B). For example, one 207 

gene (cluster4488, with homology to the "ARABILLO 1-like" genes in Beta vulgaris) supported 208 

Cactaceae+Portulacaceae strongly over the others (>60 lnL units). Another gene (cluster7144, with 209 

homology to the "UV-B induced protein chloroplastic-like" gene in Chenopodium quinoa) supported 210 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 5, 2018. ; https://doi.org/10.1101/294546doi: bioRxiv preprint 

https://doi.org/10.1101/294546
http://creativecommons.org/licenses/by-nc-nd/4.0/


8  

Cactaceae+Anacampserotaceae strongly (>100 lnL units over the other relationships). Neither of these 211 

genes exhibited obvious alignment errors. 212 

We conducted similar analyses for the resolution of Basellaceae and Didiereaceae and for the 213 

resolutions of the early diverging relationships within the Cactaceae. In specific, 506 genes supported 214 

(Basellaceae, (Didiereaceae+others)) and 334 genes supported Basellaceae+Didiereaceae as found by 215 

Soltis et al. (2011) and Anton et al. (2014). No significant outlying genes were observed supporting 216 

either the above topological constraints (fig. 2B). For the early diverging Cactaceae, we examined the 217 

genes that supported the grade of relationships (Leuenbergeria, (Pereskia+others)) versus 218 

Leuenbergeria+Pereskia. Overall, 472 genes supported the grade, with 368 supporting 219 

Leuenbergeria+Pereskia. We also found one gene (cluster4707, with homology to the "NF-X1-type 220 

zinc finger protein") strongly supported the grade topology (>110 lnL units), without any obvious 221 

mismatching in alignment.  222 

 223 

WGD featured the evolution of Portulacineae  224 

Whole-genome duplications (WGD) have been recognized as having a profound influence on the 225 

evolutionary history of extant lineages, especially for plants (e.g., Cui et al. 2006; Soltis and Soltis 226 

2009; Jiao et al. 2011; Wendel 2015; Yang et al. 2015; Smith et al. 2018). Major WGD events have 227 

been inferred within the Caryophyllales (Yang et al. 2015, 2018; Walker et al. 2017) including three 228 

within Portulacineae: in the ancestor of Portulacineae, in the ancestor of Basellaceae, and within 229 

Montiaceae. The improved taxon sampling in the current study enabled us to infer additional events of 230 

putative WGD and large-scale gene duplications (fig. 1). Specifically, large-scale gene duplications 231 

were found in the ancestor of Portulacineae (node 13), subclades of Montiaceae [along the origin of 232 

Calyptridium (node 17), and the sister clade of Calandrinia (node 19)], in the ancestor of Didiereoideae 233 

(node 27), and in the ancestor of Cactaceae, Cactoideae and Opuntioideae (nodes 35, 39 and 50).  234 

We considered evidence for a WGD event in the ancestor of Portulacineae (Yang et al. 2015) to 235 

be a high percentage of gene duplications (13.4%) and a Ks peak (~0.4-1.0) shared by all members in 236 

this clade. Our identification of putative WGD at the base of Portulacineae contrasts with the analyses 237 

of Yang et al. (2018) that found increased gene duplication (24%) in the ancestor of 238 

Portulacineae+Molluginaceae. We did not detect a similar pattern of gene duplications at this node (1%, 239 

fig. 1), confirming that the Yang et al. (2018)’s estimation could result from phylogenetic uncertainty. 240 

We found a high percentage of gene duplication for the Didiereoideae (50.1%, fig. 1) accompanied by 241 

a very recent Ks peak (between 0.05-0.10) for all the species within this clade. We also identified 242 

genome duplications within the Montiaceae. Yang et al. (2018) identified WGD in the ancestor of 243 
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Claytonia species. With expanded sampling, we placed this WGD event at the ancestor of Lewisia and 244 

Claytonia, as all four species in this clade exhibited Ks peak between 0.2-0.4 (supplementary figs. S2 245 

and S3, Supplementary Material online). We also identified an elevated number of gene duplications in 246 

the two Calyptridium species, accompanied by a very recent Ks peak (between 0.05-0.10; fig. 1). 247 

While we identified a high number of gene duplications at the origin of the Cactaceae, we did 248 

not infer a WGD event as we did not detect a corresponding elevated Ks peak. This finding is 249 

consistent with other recent studies (Walker et al. 2017; Yang et al. 2018). Several other nodes within 250 

the phylogeny (e.g., nodes 50 and 39) exhibited similar patterns with high numbers of duplications but 251 

no corresponding Ks peak (fig. 1). There are several complications (gene loss, gene tree conflict, life 252 

history shifts, etc.) that may obscure the detection of gene/genome duplications and further 253 

investigation with more taxa are likely to help shed light in future studies.  254 

For identifying duplications within a single lineage, we examined Ks plots as gene tree-based 255 

methods cannot accurately infer WGD on terminal branches. Our Ks analyses inferred two additional 256 

genome duplication events occurring within single taxa: in Basella alba (Ks=0.45) and Mollugo 257 

verticillata (Ks=0.25) (supplementary fig. S2, Supplementary Material online). Both species showed 258 

higher chromosome counts relative to close allies (Yang et al. 2018). These WGD inferences are 259 

consistent with previous studies (Yang et al. 2015, 2018).  260 

 Although Ks plots have been widely applied to WGD inference, higher Ks values (e.g., >0.75) 261 

are associated with increasingly large error (Li 1997), so it is more appropriate to detect recent WGDs 262 

with Ks values less than 2 (Vanneste et al. 2013). On the other hand, peaks at smaller Ks values (e.g., < 263 

0.25) can also be difficult to interpret due to the splice variants or other anomalies produced during 264 

transcriptomic assembly. However, in the case of slowly evolving lineages or recent duplications, only 265 

examining larger Ks can result in missing of some potential duplications. We note that this may be the 266 

case with the Didiereoideae where the Ks peak falls in a range that also may contain splice variants (i.e., 267 

Ks peak occurred < 0.1, supplementary fig. S2, Supplementary Material online).  268 

Some studies have suggested that some WGDs may be associated with adaptations to extreme 269 

environments (e.g., Stebbins 1971; Soltis and Soltis, 2000; Brochmann et al. 2004), 270 

speciation/diversification (Stebbins 1971; Wood et al. 2009), and success at colonization of new 271 

regions (Soltis and Soltis, 2000). Smith et al. (2018), using the information regarding duplications from 272 

Yang et al. (2018), found WGDs within the Caryophyllales to be associated with shifts in climatic 273 

niche. The addition of a WGD involving the Didiereoideae support this finding. Unlike their sister 274 

clade (including Ceraria pygmaea and Portulacaria afra) that is mainly distributed in the mainland 275 

southern Africa, all species in Didiereoideae live in the ecoregion of southwest Madagascar island. 276 
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While we do not suggest that WGDs are always associated with shifts in niche or ecological setting, 277 

within the Caryophyllales, this appears to be a common pattern. 278 

  279 

Lineage-specific gene expansions associated with adaptive traits  280 

Analyses on Gene Ontology (GO) overrepresentation were conducted on genes duplicated in nodes 15, 281 

17, 19, 26, 27, 35, 39, 50, and 71 (fig. 1). Of genes duplicated at each clade, 30%-55% had identifiable 282 

Arabidopsis IDs and almost all could be mapped in PANTHER (table 1). Genes belonging to “calcium 283 

ion binding” (GO:0005509) showed significant overrepresentation at the origins of the Montiaceae 284 

(node 15; except for Phemeranthus parviflorus) and the Didiereoideae (node 27); genes belonging to 285 

“sulfur compound metabolic process” (GO:0006790) also exhibited significant overrepresentation at 286 

the origin of Didiereoideae; and GO overrepresentation in “Hydrolase activity, acting on ester bonds” 287 

(i.e., esterase, GO: 0016788, p = 0.028, table 2) was found at the origin of the Cactaceae (Node 35). 288 

Many of the enriched GO terms described functional classes that are involved in diverse processes, 289 

such as “calcium ion binding” linked the universal secondary messenger calcium, or “hydrolase 290 

activity” linked to ester bond chemistry. However, others may be plausibly linked to potential adaptive 291 

traits in the Portulacineae. In this regard, the expansion of genes belonging to the “sulfur compound 292 

metabolic process” (GO:0006790) are of interest because sulfur-bearing evaporate compounds 293 

(principally gypsum) are commonly found in soils in areas with low rainfall and high evaporation rates 294 

(Watson 1979), such as the hot and cold deserts in which many lineages of the Portulacineae have 295 

diversified. Researchers have also connected primary sulfur metabolism (e.g., sulfate transport in the 296 

vasculature, its assimilation in leaves, and the recycling of sulfur-containing compounds) with drought 297 

stress responses (Chan et al. 2013). Specifically, sulfate implicated in ABA-induced stomatal closure 298 

and drought-responsive metabolites have been shown to be coordinated with sulfur metabolic pathways 299 

(Chan et al. 2013). Consequently, duplication and overrepresentation of these sulfur metabolic genes 300 

could potentially be evidence of adaptation to corresponding harsh environment of hot and cold deserts 301 

(e.g., Lee et al. 2011). However, while it is tempting to speculate that these duplications have been 302 

maintained through adaptation, we recognize that such ‘duplication’ events may simply be the 303 

remnants of ancient polyploidy. In the absence of functional characterization, it is also necessary to 304 

interpret all GO term analyses with caution. 305 

 306 

Gene families show broad expansions across Portulacineae  307 

In addition to looking at lineage-specific gene expansions, we also examined gene-family expansion 308 

without reference to a specific organismal lineage within Portulacineae. This same approach has been 309 
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instrumental in revealing gene expansion and neo-functionalization implicated in the evolution of 310 

betalains (Yang et al. 2015; Brockington et al. 2015) in Caryophyllales. Here, we explored the top 20 311 

most expanded gene families (hereafter, called TOP20, table 3). The TOP20 included genes encoding 312 

transporters, proteases, cytoskeletal proteins and enzymes that involved in photosynthetic pathways 313 

(table 3). Within them, some are implicated in responses to drought: the gene encoding plasma 314 

membrane intrinsic protein (PIP) is an aquaporin that can regulate the transport of water flux through 315 

membranes (Vandeleur et al. 2009), heat shock proteins can prevent proteins from aggregating or being 316 

rendered nonfunctional (Kiang and Tsokos 1998), and ubiquitin can correct or degrade misfunctional 317 

proteins (Hochstrasser 2009). But perhaps the most interesting gene radiations involve those encoding 318 

Phosphoenol-pyruvate carboxylase (PEPC, Silvera et al. 2014) and NADP-dependent malic enzyme 319 

catalyses (Ferreyra et al. 2003) that are key enzymes involved in CAM/C4 photosynthesis (Smith and 320 

Winter 1996; Cushman 2001). The role of gene duplication in the evolution of C4 photosynthesis has 321 

been contentious, and some authors have proposed that neo-functionalization of genes following 322 

duplication has not played a major role in the evolution of C4 photosynthesis (Gowik and Westhoff 323 

2011; Williams et al. 2012; van den Bergh et al. 2014). However, recent analyses provide evidences 324 

that duplication and subsequent retention of genes is associated with the evolution of C4 photosynthesis 325 

(Emms et al. 2016), specifically including the NADP-dependent malic enzyme. Moreover, convergent 326 

evolution in several key amino acid residues of PEPC has been suggested to be associated with the 327 

origin of both C4 and CAM (Christin et al. 2007; Christin et al. 2014). A recent study has also 328 

confirmed the occurrence of multiple rounds of duplication within the major PEPC paralog (PEPC1E1) 329 

in the ancestral Portulacineae (Christin et al. 2014). Our analyses confirm that these genes have 330 

experienced expansions within the Portulacineae, suggesting a role of this process in the evolution and 331 

adaptation in this group.  332 

 333 

Targeted analyses of drought and cold associated genes 334 

We focused on a set of 29 functionally annotated genes known to be involved in drought and cold 335 

tolerance (table 4) as the Portulacineae have repeatedly evolved into cold and drought environments. 336 

We found almost all of these genes have experienced gene duplications including at the origin of 337 

Didiereoideae, within Montiaceae and within Cactaceae when only including nodes with SH-like 338 

support > 80 (fig. 3). Some of these lineages have experience WGDs, and so detecting gene-339 

duplications with these genes is, perhaps, unsurprising. However, their maintenance and, in some cases, 340 

further expansion is notable. For example, we found duplications in WIN1 (SHN1) proteins in both 341 

Didiereoideae and Montiaceae (table 4). These proteins belong to the Apetala2/Ethylene Response 342 
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Factor (AP2/ERF) family and are transcription factors associated with epicuticular wax biosynthesis 343 

that increases leaf surface wax content. Overexpression of this gene can reduce direct water loss 344 

through the cuticular layer and increase plant tolerance to abiotic stresses (Sajeevan et al. 2017).  345 

It is also noteworthy that many of duplications in these 29 focal genes occurred at the origin of 346 

Portulacineae (6 genes in table 4) or earlier (fig. 3). This suggests the possibility that some genes 347 

associated with adaptations to harsh environments diversified early in the evolution of the 348 

Portulacineae and the Caryophyllales. While different lineages may have adapted to different 349 

environments throughout the evolution of the Portulacineae, their predisposition to become adapted to 350 

these environments may be the result of the early diversification of the gene families. Additionally, 351 

genes from the same family may experience different evolutionary histories. For example, six 352 

homologs that are part of the CDPK (caldium-dependent protein kinase, also CPK) gene family are 353 

known to be involved in drought stress regulation (Geiger et al. 2010; Brandt et al. 2012). However, 354 

the number of duplications varied between different lineages, regardless of the similarity in habitat 355 

[four duplicated at the origin of Didiereoideae, one within Montiaceae (node 17), one at Portulacaceae, 356 

and two within the Cactaceae (nodes 35 and 57)].  357 

These 29 targeted genes also exhibited variable lineage-specific positive selection within 358 

Portulacineae (table 4). The strongest signals of positive selection were all found in genes associated 359 

with drought and/or cold tolerance in the ABA signaling pathway (such as the NAC10/29 and 360 

WRKY33 TFs, the CDPK18 and the PP2Cs, table 4, e.g., Golldack et al. 2014; Nakashima et al. 2014; 361 

Huang et al. 2015; Li et al. 2017), a central regulator of abiotic stress resistance in plants. Interestingly, 362 

the ABI1 and PP2CA gene (Mishra et al. 2006; Merlot et al. 2001), which encode two proteins of the 363 

PP2Cs family, were among the genes with the highest number of lineages under positive selection in 364 

our tests. As negative regulators, PP2Cs can regulate numerous ABA responses, such as stomatal 365 

closure, osmotic water permeability of the plasma membrane, drought-induced resistance and 366 

rhizogenesis, seed germination and cold acclimation (Gosti et al. 1999; Merlot et al. 2001; Mishra et al. 367 

2006). In addition to PP2C genes, the positive regulators SNF1-related protein kinase 2s (SnRK2s) are 368 

also related to the ABA signaling module (Hubbard et al. 2010). While we did not detect positive 369 

selection in the three SnRK2s genes (i.e., SnRK2.4, 2.5, 2.6, table 4), we found that they experienced 370 

ancient duplications at the origin of Portulacineae or earlier and recent duplications within Montiaceae, 371 

Didiereaceae, or Cactaceae (nodes 17, 27, 39; table 4). Positive selection and gene family expansion in 372 

some of these gene families within Cactaceae, Didieraceae, and Montiaceae suggests that these genes 373 

warrant further investigation for their potential role in the evolution of adaptations to challenging 374 

environmental conditions.  375 
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 376 

Conclusion 377 

Using a transcriptomic dataset spanning across 82 species, we reconstructed a phylogeny of 378 

Portulacineae that reveals significant underlying gene-tree/species-tree discordance. These conflicts 379 

may arise from an array of biological sources (e.g., hybridization, ILS), and taxon sampling (even with 380 

large number of genes, Walker et al. 2017) or sequence type may also influence species topologies in 381 

phylogenomic analyses (Reddy et al. 2017). We examined specific nodes in detail to attempt to 382 

document how much support there may be for particular relationships, regardless of conflict in the rest 383 

of the tree. Our findings, along with others recently published (Smith SA et al. 2015; Brown and 384 

Thomson 2017; Shen et al. 2017; Walker et al. 2018b), further demonstrate the need and importance to 385 

examine gene tree relationships in detail. As genome and transcriptome studies continue to document 386 

significant conflict, we need to consider different means of resolving relationships that can filter or 387 

accommodate these signals. Furthermore, the conflicts within these data likely hold interesting 388 

evolutionary questions and answers that should be analyzed in more detail.  389 

With increased sampling, we also recorded new paleopolyploidy events. This contributes to a 390 

growing body of literature that is documenting the importance of these events in the evolution of plants 391 

(e.g., Cui et al. 2006; Smith et al. 2018). Also, as has been repeatedly demonstrated, with additional 392 

sampling effort, we are likely to find additional duplication events. The importance of these 393 

duplications for the evolution of individual clades needs to continue to be explored in detail. The gene 394 

expansion and genome duplications found within the Portulacineae seem to be associated with shifts 395 

into different environments and climates. This has been suggested by previous researchers (e.g., Smith 396 

et al. 2018) and should be examined further across other diverse angiosperm lineages.  397 

Finally, by examining gene families in detail we are able to better highlight potential molecular 398 

evolutionary patterns associated with particular adaptations. However, the approaches explored here 399 

and by other researchers have major limitations as they rely on annotations based on model organisms 400 

that may be distantly related to the species of interest. While the gene may have interesting patterns, the 401 

GO labeled to the gene may or may not carry much meaning. These genes may have different functions 402 

in these different lineages and so the results from these analyses should not be over interpreted. Despite 403 

these limitations, however, these analyses uncover interesting gene regions that should be explored 404 

further, regardless of the accuracy of the label, as the patterns of selection and duplication alone 405 

suggest their importance in the evolution of the lineage, even if not related to the particular adaptation 406 

of interest. As angiosperms continue to be more thoroughly sequenced, we will continue to shed light 407 

on the molecular evolutionary patterns and processes that have shaped the tree of life. 408 
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 409 

Material and Methods 410 

 411 

Taxon sampling and transcriptome generation 412 

Sixty-eight ingroup species were included in this study, representing all Portulacineae families 413 

(Anacampserotaceae, Cactaceae, Basellaceae, Didiereaceae, Montiaceae, Talinaceae, and 414 

Portulacaceae) sensu APG IV (Angiosperm Phylogeny Group, 2016) except for Halophytaceae 415 

(supplementary tables S1 and S2, Supplementary Material online). We also included 14 Caryophyllales 416 

species as outgroups, including seven taxa of Molluginaceae (supplementary tables S1 and S2, 417 

Supplementary Material online). Of the 82 transcriptomes included in the study, 52 were newly 418 

generated following the protocol of Yang et al. (2017), which is briefly described below 419 

(supplementary table S1, Supplementary Material online). RNA was extracted from flash-frozen young 420 

leaves and/or flower buds using either the Ambion PureLink Plant RNA Reagent (ThermoFisher 421 

Scientific Inc, Waltham, MA, USA), Aurum™ Total RNA Mini Kit, or a hot acid phenol protocol 422 

(Yang et al. 2017). Total RNA was quantified with the Agilent 2100 Bioanalyzer (Agilent 423 

Technologies, Santa Clara, CA, USA). It was then used for library preparation using either the TruSeq 424 

RNA Sample Preparation Kit v2 (Illumina, Inc., San Diego, CA) or the KAPA Stranded mRNA-Seq 425 

kit (KAPA Biosystems, Wilmington, Massachusetts, USA), and sequenced on an Illumina HiSeq 426 

platform at the University of Michigan DNA Sequencing Core (see deposited SRA, BioProject: XXX) 427 

(supplementary table S1, Supplementary Material online). 428 

On average, ~30 million paired-end reads were generated for each transcriptome and corrected 429 

for error in Rcorrector (Song and Florea 2015). Corrected reads were assembled using Trinity v2.2.0 430 

(Grabherr et al. 2011) after filtering of Illumina adapters (Illuminaclip 2:30:10) and low quality reads 431 

(sliding window 4:5, leading 5, trailing 5 and min length 25) using Trimmomatic v0.36 (Bolger et al. 432 

2014). Transdecoder v2.0 (Haas et al. 2013) was then used to translate assembled transcripts with 433 

guidance of BLASTP against a concatenated proteome database including Arabidopsis thaliana 434 

(TAIR10) and Beta vulgaris (Dohm et al. 2014, RefBeet-1.2.2)(release-34 from EnsemblPlants, 435 

http://plants.ensembl.org/info/website/ftp/index.html). Translated amino acid sequences (PEP) and 436 

coding DNA sequences (CDS) of the newly collected samples, as well as 30 publically available 437 

datasets (Yang et al. 2015; Brockington et al. 2015; Walker et al. 2018a), were used for subsequent 438 

analyses (supplementary table S2, Supplementary Material online). Highly similar sequences were 439 

reduced using CD-HIT v4.6 for each dataset (PEP: -c 0.995 -n 5; CDS: -c 0.99 -n 10, Fu et al. 2012) 440 

 441 
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Homology Inference 442 

Homology inference was carried out following the pipeline of Yang and Smith (2014) with minor 443 

modifications (code available at https://bitbucket.org/ningwang83/Portulacineae). We describe the 444 

procedure briefly below. An all-by-all BLASTN search was conducted using CDS data (-evalue 10 -445 

max_target_seqs 1000) and hits with a hit fraction > 0.49 (i.e. aligned length divided by query and by 446 

subject length both > 0.4) were clustered using MCL 14-137 (-tf 'gq(5)' -I 1.4; van Dongen 2000). We 447 

retrieved clusters including at least 26 species in Cactaceae, seven species in Montiaceae, seven species 448 

in Didiereaceae, two species in each of Portulacaceae, Talinaceae and Molluginaceae, and one species 449 

in each of Anacampserotaceae and outgroup as putative homolog groups (supplementary tables S1 and 450 

S2, Supplementary Material online). Each cluster with less than 1000 sequences was aligned by 451 

MAFFT v7 (–genafpair –maxiterate 1000; Katoh and Standley 2013) and aligned columns with more 452 

than 90% missing data were removed using Phyutility v2.2.6 (-clean 0.1; Smith and Dunn 2008). A 453 

maximum likelihood (ML) tree for each cluster was inferred in RAxML v8.1.22 (Stamatakis 2015) 454 

with the GTR+GAMMA model. The six clusters containing more than 1000 sequences were aligned 455 

with PASTA v1.6.4 (Mirarab et al. 2015), trimmed with “-clean 0.05” in Phyutility, and their ML trees 456 

were inferred in FastTree v2.1.7 (Price et al. 2009, 2010) with the GTR model. 457 

We trimmed the resulting homolog trees by 1) removing spurious terminal branches that are 458 

longer than 0.5 (absolute cutoff), or longer than 0.4 and ten times greater than their sister taxon 459 

(relative cutoff), 2) masking both monophyletic and paraphyletic tips of the same taxon to remove 460 

possible isoforms, in-paralogs, or recent gene duplications, and 3) separating clades connected by 461 

internal branches longer than 0.6; saving those with more than five taxa into different clusters as they 462 

might represent alternate transcripts or in-paralogs. A new set of CDS sequence files were generated 463 

based on the refining trees, and the process of tree building and filtering was repeated three times.  464 

The PyPHLAWD package (https://github.com/FePhyFoFum/pyphlawd) was used to add data 465 

from two additional species (Anacampseros filamentosa and Basella alba) during the third round of 466 

homolog filtering process instead of conducting the time consuming all-by-all BLASTN. Specifically, 467 

after modifying some default settings in the conf.py (i.e., “takeouttaxondups = False” to keep 468 

duplication taxa; As to BLASTN hits filtering: length_limit = 0.6 to exclude sequences shorter than 60% 469 

of the alignments, evalue_limit = 5 to keep hits with evalue less than 5, perc_identity = 20 to exclude 470 

sequences with percentage of identity less than 20%.) and preparing the CDS files of the two species, 471 

the add_internal_seqs_to_clusters.py was run twice (one species at a time) to BLAST target species’ 472 

CDS sequences against each homolog, and then added the hits that meet the above criteria to the 473 

existing homologs and merge them into the existing alignments using MAFFT v7. In total, we obtained 474 
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8,592 final homolog clusters for inferring orthologs and conducting gene duplication analyses and GO 475 

annotation. 476 

 477 

Orthology Inference and Species Tree Estimation 478 

We used the rooted tree (RT) method in Yang and Smith (2014) to extract orthologs from homolog 479 

trees with Beta vulgaris as the outgroup. Sister clades with duplicate taxa were compared, and the side 480 

with less taxa was removed. This procedure was carried out from root to tips iteratively on all 481 

subclades until no duplicate taxa were present. Orthologous clades with more than 30 ingroup taxa 482 

were retained and subject to calculation of taxon occupancy statistics (supplementary fig. S1, 483 

Supplementary Material online). We further extracted orthologs with at least 76 taxa out of 82, aligned 484 

and cleaned them with MAFFT (genafpair –maxiterate 1000) and Phyutility (-clean 0.3), and inferred 485 

an ML tree for each ortholog using RAxML with GTR+GAMMA model. After removing taxa with 486 

terminal branch length longer than 0.1 and 10 times greater than sister clade from 58 orthologs, 841 487 

orthologs include at least 77 taxa and 500 aligned DNA characters were re-aligned with PRANK 488 

v.140110 (Löytynoja and Goldman 2008) using default settings and trimmed in Phyutility (-clean 0.3). 489 

The resulting alignments were used for phylogenetic tree reconstruction. 490 

 The species tree was inferred using two methods. First, a concatenated matrix was built with the 491 

841 orthologous genes and a ML tree was estimated by using RAxML with the GTR+GAMMA model. 492 

Node support was evaluated by 200 fast bootstrap replicates, partitioning by each gene. Second, we 493 

constructed a ML tree and 200 fast bootstrap trees for each ortholog using RAxML with 494 

GTR+GAMMA model. The MQSST tree was estimated in ASTRAL 4.10.12 (Mirarab et al. 2014) 495 

using ML trees from RAxML, with uncertainty evaluated by 200 bootstrap replicates using a two-stage 496 

multilocus bootstrap strategy (Seo 2008). 497 

 498 

Assessing conflicts among gene trees 499 

Conflicts among gene trees were assessed using the 841 rooted ortholog trees mapped onto the 500 

concatenated ML tree (which has the same topology as the MQSST, see Results and Discussion). 501 

When rooting orthologous trees with Phyx (Brown et al. 2017), the outgroup was chosen based on a 502 

three-level preference (i.e., 1) using Beta vulgaris in priority, 2) using Limeum aethiopicum and/or 503 

Stegnosperma halimifolium if Beta was not present in the tree, and 3) using Sesuvium portulacastrum, 504 

Delosperma echinatum, Anisomeria littoralis and Guapira obtusata if the first three species were not 505 

present). Phyparts (Smith SA et al. 2015) was used for comparing gene trees to the inferred species tree 506 

topology, restricted to nodes with >= 70% bootstrap support in the gene trees. We explored conflict and 507 
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alternative topologies in more detail for three areas of the tree: 1) Cactaceae and relatives, 2) the early 508 

diverging branch within Cactaceae, and 3) with the placement of Basellaceae and Didiereaceae. To do 509 

this, we constructed constraint trees for each alternative topology, calculated likelihood scores for each 510 

gene tree with the individual topology constraints, and then compared the likelihood scores for each 511 

alternative resolution in each gene.  512 

 513 

Inference of gene and genome duplication 514 

To infer gene duplication, we first assessed clade support using the SH-like test (Anisimova et al. 2011) 515 

in RAxML for each homolog tree. Nodes with SH-like support > 80 were considered in the gene 516 

duplication inference. Using Beta vulgaris as outgroup, we extracted 8,332 rooted clusters (each 517 

include 30 or more taxa, Yang et al. 2015), identified duplication events from them, and mapped those 518 

events to the corresponding node or MRCA (if gene tree had missing taxa or a conflicting topology) on 519 

the rooted concatenated ML tree using Phyparts. Gene duplication was recorded at a node if its two 520 

children clades shared two or more taxa. 521 

In addition to mapping phylogenetic locations of gene duplications, potential genome 522 

duplication events were also inferred using the frequency distribution of synonymous substitution rate 523 

(Ks plot) following the same process of Yang et al. (2015). Briefly, we reduced highly similar PEP 524 

sequences (by CD-HIT: -c 0.99 -n 5) for each of the 82 species, and conducted an all-by-all BLASTP (-525 

evalue = 10, -max_target_seq = 20) and removed highly divergent hits with < 20% similarity (pident) 526 

or < 50 aligned amino acids (nident). Sequences with ten or more hits were also removed to eliminate 527 

large gene families. We then used the PEP and corresponding CDS from paralogous pairs to calculate 528 

Ks values using pipeline 529 

https://github.com/tanghaibao/biopipeline/tree/master/synonymous_calculation, which aligns 530 

paralogous pairs with ClustalW (Larkin et al. 2007) and infers Ks values using codeml in PAML (Yang 531 

2007) with Nei–Gojobori correction for multiple substitutions (Nei and Gojobori 1986). Peaks in the 532 

distribution of Ks suggest the presence and relative timing of ancient genome duplication events 533 

(Lynch and Conery 2000; Blanc and Wolfe 2004; Schlueter et al. 2004; Cannon et al. 2014). 534 

To determine whether a potential WGD event occurred before or after a particular speciation 535 

event, we calculated between-species Ks distribution using orthologous gene pairs (Cannon et al. 2014). 536 

The procedure is similar as above, except that a reciprocal BLASTP was carried out between two 537 

species instead of an all-by-all BLASTP within one taxon. Gene pairs with reciprocal best hits were 538 

used for calculating the Ks distribution. The between-species Ks distribution was then compared to 539 
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within-species Ks in each species to determine the relative timing of the WGD versus the speciation 540 

event.  541 

 542 

Annotation of expanded gene families 543 

To investigate gene function and GO (gene ontology) terms overrepresentation, the CDSs from 544 

Arabidopsis thaliana (release-34) were obtained from EnsemblPlants and used as a BLASTN database, 545 

while its gene IDs were used for GO analyses. We conducted two separate analyses. First, we identified 546 

clades with large number of gene duplications [i.e., > 160 (2%) gene duplications as in node 15, 17 and 547 

19 of Montiaceae, node 27 of Didieraceae, node 35, 39, 50 of Cactaceae, and node 71 of Portulacaceae, 548 

fig. 1], conducted BLASTN (-evalue 10) of these duplication genes (ten randomly selected sequences 549 

from each gene) in each clade against the database of A. thaliana. A random A. thaliana gene ID was 550 

chosen when multiple query sequences from one gene returned divergent top hits, and the percentage 551 

of identifiable genes were similar among clades (~35%, table 1). Assuming genes duplicated at the 552 

origin of Portulacineae (Node 13) retained in all children clades, we use them as background to detect 553 

potential overrepresentation of genes that recently duplicated in specific child clade using the GO 554 

overrepresentation test of the online version of PANTHER (http://www.pantherdb.org). We corrected 555 

for multiple tests using a Bonferroni correction. Here overrepresentation is unrelated to gene 556 

expression level, instead, it refers to the overrepresentation of genes in a specific functional category in 557 

one clade compared to another. 558 

 Second, we summarized each of the 8,592 homologous gene statistics such as the total number 559 

of tips, the total number of taxa, clades with the maximum number of average taxon repeats, and the 560 

taxon with the maximum number of tips. We then conducted manual annotation through BLASTX 561 

against the nonredundant protein database in NCBI by using a relatively long and complete PEP 562 

sequence from each of the top 20 genes with the highest total number of tips. 563 

 564 

Identification of lineage-specific selection on stress response genes 565 

To test if genes associated with abiotic stress response are under positive selection, we carried out 566 

selection analyses on a targeted set of 29 genes that are previously known to be associated with cold 567 

and/or drought adaptation, and also exist in our 8,592 homologous dataset (table 4). We first repeated 568 

the homolog filtering processes as indicated above three more times to reduce potential assembly or 569 

clustering errors of the chosen homologs. Their CDS sequences were then aligned based on the 570 

corresponding peptide MAFFT alignments using phyx program (Brown et al. 2017). After trimming 571 

the CDS alignment by Phyutility (-clean 0.1), a ML tree was built for each homolog in RAxML with 572 
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GTR+GAMMA model and rooted with outgroup species using the same three-level criteria (see above). 573 

Lineage specific selection was calculated for each homologous gene in HyPhy v2.2.4 (Pond and Muse 574 

2005) using an adaptive branch-site random effects likelihood test (aBSREL, Smith MD et al. 2015). 575 

Generally, the ratio of the nonsynonymous to the synonymous substitutions (ω was used to measure the 576 

extent pressure of natural selection, with ω > 1 representing positive selection, ω ~ 1 indicating neutral 577 

evolution, and ω < 1 representing purifying or negative selection (Yang 2006). aBSREL automatically 578 

infers an appropriate model among branches. It allows non-synonymous substitution to vary across 579 

sites, and synonymous rate can vary from branch to branch. This way ω varies among branches as well 580 

as among sites. The aBSREL test first fits the MG94xREV nucleotide substitution model to estimate a 581 

single ω for each branch, then greedily add ω categories to each branch after sorting them by length. 582 

The optimal number of ω categories was selected according to AICc scores. In our analyses, all internal 583 

branches were tested. The branches with episodic positive selection that show significant proportion of 584 

sites with ω > 1 were chosen with p < 0.05 after applying the Holm-Bonferroni multiple testing 585 

correction. Finally, lineages subject to positive selection were labeled on each homologous tree. We 586 

also summarized the number lineages under positive selection both on the whole tree and within each 587 

focal clade (e.g., the major families within Portulacineae, fig. 1). 588 
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Table 1. Summary of clade-specific duplication genes and identifiable GO terms 947 
 948 
Node 
number 

Duplicated 
homologs 

Identifiable 
AtIDs1 

Mapped 
IDs2 

Percent 
identifiability 

Duplication 
events 

Node 13 761 341 329 0.45 1118 
Node 15 167 94 90 0.56 187 
Node 17 1516 459 457 0.30 1589 
Node 19 376 117 117 0.31 388 
Node 26 111 61 54 0.55 111 
Node 27 3383 1082 1065 0.32 4171 
Node 35 534 217 212 0.41 612 
Node 39 474 161 159 0.34 532 
Node 50 276 97 95 0.35 315 
Node 71 155 55 55 0.35 170 
NOTE.—Node number corresponds to Fig. 1. 1Identifiable Arabidopsis IDs;  949 
2Genes that can be mapped in PANTHER.950 
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Table 2. GO overrepresentation analyses on specific clades 951 
 952 
Node number 13 15 27 35 
Gene Ontology term Ob. Ob. Exp. +/- p Ob. Exp. +/- p Ob. Exp. +/- p 
chromatin binding (GO:0003682) 1 0 0.28 - 1 11 3.17 + 0.028 1 0.64 + 1 
translation regulator activity (GO:0045182) 1 0 0.28 - 1 12 3.17 + 0.007 3 0.64 + 1 
sequence-specific DNA binding TF1 activity (GO:0003700) 4 1 1.1 - 1 29 12.69 + 0.003 5 2.55 + 1 
calcium ion binding (GO:0005509) 1 5 0.28 + 6E-4 15 3.17 + 8E-5 3 0.64 + 1 
hydrolase activity, acting on ester bonds (GO:0016788) 7 4 1.93 + 1 40 22.21 + 0.056 14 4.45 + 0.028 
rRNA metabolic process (GO:0016072) 1 0 0.28 - 1 11 3.17 + 0.041 2 0.64 + 1 
sulfur compound metabolic process (GO:0006790) 1 0 0.28 - 1 11 3.17 + 0.041 1 0.64 + 1 
regulation of transcription from RNA P-II2 promoter (GO:0006357) 2 0 0.55 - 1 18 6.35 + 0.01 0 1.27 - 1 
transcription, DNA-dependent (GO:0006351) 6 2 1.65 + 1 39 19.04 + 0.003 3 3.82 - 1 
NOTE.—Node number corresponds to Fig. 1. Ob. : Observed number; Exp. : Expected number; +/-: over or under representative. Italic: p < 953 

0.05, Bold: p < 0.01. 1TF: transcription factor; 2RNA P-II: RNA polymerase II.   954 
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Table 3. Portulacineae clades with the highest total number of tips 955 
 956 
clusterID Ntip Ntaxa Represented ID Annotation 
cluster1_2rr_1rr_2rr 949 82 AT5G62690.1 tubulin beta chain [Spinacia oleracea] 
cluster2_1rr_1rr_1rr 871 82 AT5G02500.2 heat shock cognate 70 kDa protein-like [Nicotiana tabacum] 
cluster4_1rr_1rr_1rr 698 82 AT5G09810.1 Actin-11, NBD sugar-kinase HSP70 actin [Chenopodium quinoa] 
cluster3_3rr_1rr_1rr 670 81 AT1G55060.1 Polyubiquitin-A [Triticum urartu] 
cluster5_1rr_1rr_1rr 655 82 AT2G18960.3 plasma membrane H+ ATPase 9 [Sesuvium portulacastrum] 
cluster8_1rr_1rr_1rr 582 82 AT5G19780.1 tubulin alpha-3 chain [Vitis vinifera] 
cluster12_1rr_1rr_1rr 565 82 AT3G14940.2 phosphoenolpyruvate carboxylase [Suaeda aralocaspica]  
cluster43_1rr_1rr_1rr 488 81 AT3G08690.1 ubiquitin-conjugating enzyme E2 28 [Solanum lycopersicum] 
cluster18_1rr_1rr_1rr 472 82 AT4G14350.4 serine/threonine-protein kinase tricorner isoform X1 [Beta vulgaris vulgaris] 
cluster22_1rr_1rr_1rr 467 82 AT2G19900.1 NADP-dependent malic enzyme [Hylocereus undatus] 
cluster15_1rr_1rr_1rr 463 82 AT5G37310.2 transmembrane 9 superfamily member 3 [Chenopodium quinoa]  
cluster17_1rr_1rr_1rr 462 82 AT2G21050.1 auxin transporter-like protein 2 [Chenopodium quinoa]  
cluster19_1rr_1rr_1rr 461 82 AT2G37170.2 plasma membrane intrinsic protein 2 [Sesuvium portulacastrum]  
cluster7_1rr_1rr_1rr 456 81 AT1G26190.2 uridine-cytidine kinase C isoform X1 [Beta vulgaris vulgaris] 
cluster26_1rr_1rr_1rr 435 82 AT4G01850.1 S-adenosylmethionine synthase 1 [Beta vulgaris vulgaris] 
cluster14_1rr_1rr_1rr 467 82 AT4G30270.2 probable xyloglucan endotransglucosylase/hydrolase protein 23 [Beta vulgaris vulgaris] 
cluster6_2rr_1rr_1rr 530 81 AT4G32880.1 homeobox-leucine zipper protein ATHB-15 isoform X1 [Beta vulgaris vulgaris] 
cluster9_1rr_1rr_1rr 527 81 AT3G29030.2 expansin-A10-like [Chenopodium quinoa] 
cluster16_1rr_1rr_1rr 438 82 AT5G06600.3 ubiquitin carboxyl-terminal hydrolase 12 [Beta vulgaris vulgaris] 
cluster37_1rr_1rr_1rr 435 82 AT1G22300.2 14-3-3 protein 10-like [Chenopodium quinoa]  
NOTE.—Ntip: number of tips, Ntaxa: number of taxa  957 
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Table 4. Selection analyses on genes associated with cold and drought 958 
 959 
clusterID Gene TN TS M7 Cac35 Did27 Mont Port SH80 No support constraint References 
cluster1007 CDPK8 184 2 0 1 0 0 0 13,27,71 2,13,27,35,71 Wang et al. 2016 
cluster1037 WRKY33 165 13 1 4 2 3 1 17,27 0,17,27 Jiang and Deyholos 2009 
cluster112 HSP70 270 10 0 3 1 1 2 0,19,27,33,49,51,52 0,19,27,33,39,49,51,50,52,56 Kiang and Tsokos 1998 
cluster1131 ICE1 194 10 0 4 1 3 0 17,20,27,38 2,17,20,27,38,51,50 Chinnusamy et al. 2003 
cluster1181 ABI1/PP2Cfamily 151 17 1 6 2 4 0 27 0,15,27,40 Merlot et al. 2001 
cluster1248 NAC10 158 16 1 6 4 3 1 27,39 2,19,27,39 Jeong et al. 2010 
cluster1349 SNRK2.5 156 5 0 2 1 0 1 39 0,27,34,35,39 Zhu 2016 
cluster1418 NAC29 163 13 0 7 2 2 0 13 13,17,27,39,44,50 Wang et al. 2015 
cluster1864 CDPK13 156 3 0 0 0 0 2 27 2,27,39 Abbasi et al. 2004 
cluster286 MYB124 (FLP) 178 5 0 2 1 0 1 39 6,17,19,27,39 Xie et al. 2010 
cluster3368 SNRK2.4 125 1 0 0 0 0 0 17,27 2,15,17,27,30 Zhu 2016 
cluster3966 CDPK26 117 3 0 1 1 0 1 0,17,27 0,17,27,39 Yuan et al. 2016 
cluster4535 PLC2 108 3 0 1 0 1 0 17,19,35 0,17,19,27,35 Georges et al. 2009 
cluster5012 CDPK10 85 1 0 1 0 0 0 27 0,27,60 Zou et al. 2010 
cluster5640 AREB1 92 4 0 1 1 1 0 17,27 17,27 Yoshida et al. 2010 
cluster579 NAC2 157 4 0 2 0 0 1 27,39 0,27,39 Masoomi-Aladizgeh et al. 2015 
cluster582 CDPK18 196 13 1 6 1 0 0 2,13,21,35,57 2,13,18,21,24,27,35,40,47,57 Li et al. 2017 
cluster584 CRLK1 170 2 0 2 0 0 0 27 13,27,39,50 Yang et al. 2010 
cluster59 HSP83 305 5 0 1 1 0 0 0,13,17,27,34,76 0,13,15,17,19,24,27,34,39,50,76 Wang et al. 2004 
cluster6422 MYB60 87 4 0 2 0 0 1 27 27,40 Oh et al. 2011 
cluster643 HSP90-5 213 8 1 2 2 1 1 26,27,34 2,19,26,27,34,39,71 Song et al. 2009 
cluster6979 CDPK1 85 7 0 4 2 1 0 --- 27 Vivek et al. 2013 
cluster708 SNRK2.6 180 2 0 2 0 0 0 27,39 0,27,39,50 Yoshida et al. 2006 
cluster7152 ERF2 84 0 0 0 0 0 0 17,27 17,27 Manavella et al. 2006 
cluster721 PP2C37 (PP2CA) 179 11 0 6 1 2 0 13,17,19,35 6,13,17,19,27,35 Mishra et al. 2006 
cluster7414 ERF5 86 9 0 1 2 3 0 17,27,30 17,19,27,30 Pan et al. 2012 
cluster8059 WIN1 (SHN1) 79 4 0 0 0 0 1 17,27 0,17,27 Sajeevan et al. 2017 
cluster837 CRPK1 177 5 0 3 2 0 0 13,20,27 0,13,20,27,35 Liu et al. 2017 
cluster910 HSP70 221 10 2 2 0 2 0 0,27,35 0,17,27,35 Kiang and Tsokos 1998 
NOTE.—TN: tip number; TS: Total lineages under positive selection; Number of lineages under positive selection within M7: 960 

Mulloginaceae; Cac35: Cactaceae; Did27: Didiereoideae; Mont: Montiaceae; Port: Portulacaceae. SH80: Duplication nodes with SH-like 961 

support > 80, No support constraint: Duplication nodes with no constraint on support. Node number can be referred to in Fig. 1. 962 
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 1 
Figure Legends 2 

 3 

Fig. 1. Species tree from RAxML analysis of the 841-gene supermatrix. Gene duplication numbers 4 

(number > 12 are shown) are calculated only for branches with strong support (SH-like > 80) in the 5 

8332 rooted clusters. Some Gene Ontology terms overrepresented in clades Cactaceae, Didiereaceae 6 

and Montiaceae are shown with significant level as p < 0.05 after Bonferroni correction.  7 

 8 

Fig. 2. A: conflict results generated by phyparts. B: Comparison of lnL for each individual gene (sorted 9 

by greatest differences in likelihood) for alternative phylogenetic hypotheses. Top: Three alternative 10 

resolutions were compared involving Cactaceae (Cac), Portulacaceae (Port), and Anacampserotaceae 11 

(Ana). Values above the x-axis show the difference in likelihood for those genes supported the 12 

resolution found in our result “con1”. Those falling below the axis support “con2” (black) or “con3” 13 

(gray). Middle: Two alternative hypotheses involving Basellaceae (Base) and Didiereaceae (Didi). 14 

Lower: Two alternative hypotheses involving the early diverging Cactaceae (Per: Pereskia, Leu: 15 

Leuenbergeria). Outlying genes (those genes with extremely high support) are discussed in the Results 16 

and Discussion. 17 

 18 

Fig. 3. Gene duplication and lineage positive selection patterns on a collapsed species tree from the 29 19 

targeted genes (table 2). The number of sampling taxa in each major clade are labeled after clade name.  20 

 21 
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