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Abstract. 4Target enrichment is becoming increasingly popular for phylogenomic studies. 29 

Although baits for enrichment are typically designed to target single-copy genes, paralogs are 30 

often recovered with increased sequencing depth, sometimes from a significant proportion of 31 

loci, especially in groups experiencing whole-genome duplication (WGD) events. Common 32 

approaches for processing paralogs in target enrichment datasets include random selection, 33 

manual pruning, and mainly, the removal of entire genes that show any evidence of paralogy. 34 

These approaches are prone to errors in orthology inference or removing large numbers of genes. 35 

By removing entire genes, valuable information that could be used to detect and place WGD 36 

events is discarded. Here we use an automated approach for orthology inference in a target 37 

enrichment dataset of 68 species of Alchemilla s.l. (Rosaceae), a widely distributed clade of 38 

plants primarily from temperate climate regions. Previous molecular phylogenetic studies and 39 

chromosome numbers both suggested ancient WGDs in the group. However, both the 40 

phylogenetic location and putative parental lineages of these WGD events remain unknown. By 41 

taking paralogs into consideration, we identified four nodes in the backbone of Alchemilla s.l. 42 

with an elevated proportion of gene duplication. Furthermore, using a gene-tree reconciliation 43 

approach we established the autopolyploid origin of the entire Alchemilla s.l. and the nested 44 

allopolyploid origin of four major clades within the group. Here we showed the utility of 45 

automated tree-based orthology inference methods, previously designed for genomic or 46 

transcriptomic datasets, to study complex scenarios of polyploidy and reticulate evolution from 47 

target enrichment datasets. 48 

 49 

Keywords: Alchemilla; allopolyploidy; autopolyploidy; gene tree discordance; orthology 50 

inference; paralogs; Rosaceae; target enrichment; whole genome duplication.51 
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Polyploidy, or whole genome duplication (WGD), is prevalent throughout the evolutionary 52 

history of plants (Cui et al. 2006; Jiao et al. 2011; Jiao et al. 2012; Leebens-Mack et al. 2019). As 53 

a result, plant genomes often contain large numbers of paralogous genes from recurrent gene and 54 

genome duplication events (Lynch and Conery 2000; Panchy et al. 2016). Paralogs are defined as 55 

homologous genes that share a common ancestor as the product of gene duplication (Fitch 1970), 56 

either from small scale duplications or WGD. One special case of WGD is allopolyploidy, where 57 

genome doubling is accompanied by hybridization between two different species. The duplicated 58 

genes in allopolyploids are not paralogs in the traditional sense and are referred to as 59 

homoeologs, which are expected to be sister to the orthologous in the parental taxa, rather than to 60 

each other (Smedmark et al., 2003). For practical purposes, however, we refer to the product of 61 

any kind of duplications found in gene trees hereafter as paralog, as homoeologs are 62 

indistinguishable from paralogs until diagnosed as resulting from allopolyploidy. With very few 63 

nuclear genes being truly single- or low-copy, careful evaluation of orthology is critical for 64 

phylogenetic analyses (Fitch 1970). Orthology inference has received much attention in the 65 

phylogenomic era with multiple pipelines available for this task (e.g., Li et al. 2003; Dunn et al. 66 

2013; Kocot et al. 2013; Yang and Smith 2014; Emms and Kelly 2019, also see Glover et. al 67 

2019 and Fernández et al. 2020 for recent reviews). But these approaches have been mainly 68 

applied to genomic or transcriptomic data sets. So far, few studies have employed automated, 69 

phylogeny-aware orthology inference in target enrichment datasets. The most common approach 70 

for dealing with paralogy in target enrichment datasets is removing entire genes that show any 71 

evidence of potential paralogy (e.g., Nicholls et al. 2015; Jones et al. 2019; Andermann et al. 72 

2020; but see Moore et al. 2018). Removal of entire genes might seem appropriate in target 73 

enrichment datasets in which only a small number of genes show evidence of paralogy (e.g., 74 
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Larridon et al. 2020), but in some datasets this could result in a significant reduction of the 75 

number of loci (e.g., Montes et al. 2019). More importantly, dealing with paralogy only by 76 

removal of entire genes assumes that target enrichment assembly pipelines (e.g., Faircloth 2016; 77 

Johnson et al. 2016; Andermann et al. 2018), have flagged all genes with paralogs. It also 78 

assumes that if no sequence in a gene is flagged, all sequences are all single-copy and 79 

orthologous. On the other hand, this approach also removes genes that show  allelic variation 80 

instead of paralogs. Given the prevalence of WGD and reticulations these assumptions can lead 81 

to errors in orthology inference. As paralogous genes are prevalent in plants, more appropriate 82 

orthology inference methods need to be applied in target enrichment data. The same automated 83 

approaches used for genome and transcriptome datasets can be applied for target enrichment, as 84 

these are tree-based and agnostic to the data source for tree inference. 85 

The ability to explicitly process paralogs opens the door for using target enrichment data 86 

for inferring gene duplication events and pinpointing the phylogenetic locations of putative 87 

WGDs. In the past, the phylogenetic placement of WGD events have most often been carried out 88 

using genome and transcriptome sequencing data (e.g., Li et al. 2015; Huang et al. 2016; McKain 89 

et al. 2016; Yang et al. 2018) using either the synonymous distance between paralog gene pairs 90 

(Ks; Lynch and Conery 2000) or tree-based reconciliation methods (e.g., Jiao et al. 2011; Li et 91 

al. 2015; Yang et al. 2015; Huang et al. 2016; Xiang et al. 2017; Leebens-Mack et al. 2019). 92 

Similar to orthology inference, tree-based methods used to investigate WGDs in genome and 93 

transcriptome datasets should be useful in target enrichment data. Target enrichment methods 94 

(e.g., Mandel et al. 2014; Weitemier et al. 2014; Buddenhagen et al. 2016) have been widely 95 

adopted to collect hundreds to over a thousand nuclear loci for plant systematics, allowing 96 

studies at different evolutionary scales (e.g., Villaverde et al. 2018), and the use of museum-97 
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preserved collections (e.g., Forrest et al. 2019). This creates new opportunities to adopt tree-98 

based reconciliation methods to explore WGD patterns in groups for which genomic and 99 

transcriptomic resources are not available or feasible. 100 

With at least 350 (31,100) species worldwide, Alchemilla in the broad sense has been a 101 

challenging group to study due to the presence of reticulate evolution, polyploidy, and apomixis . 102 

Based on previous phylogenetic analyses, Alchemilla s.l. contains four clades: Afromilla, 103 

Aphanes, Eualchemilla, and Lachemilla (Table S1). Together they form a well-supported clade 104 

nested in the subtribe Fragariinae, which also includes the cultivated strawberries (Gehrke et al. 105 

2008). Unlike the more commonly recognized members of the rose family (Rosaceae), 106 

Alchemilla s.l. is characterized by small flowers with no petals, and a reduced number (134[35]) 107 

of stamens that have anthers with one elliptic theca on the ventral side of the connective that 108 

opens by one transverse split (Perry 1929; Soják 2008). Gehrke et al. (2008) presented the first 109 

phylogeny of Alchemilla s.l. and established the paraphyly of traditional Alchemilla s.s. as 110 

consisted of a primarily African clade, Afromilla, and a Eurasian clade, Eualchemilla. Gehrke et 111 

al. (2008) also suggested treating Afromilla and Eualchemilla, along with Aphanes and 112 

Lachemilla as a single genus based on nomenclatural stability and the lack of morphological 113 

characters to distinguish between Afromilla and Eualchemilla. The four clades within Alchemilla 114 

s.l. are mainly defined by geographic distribution, as well as the number and insertion of the 115 

stamens on the disk lining the hypanthium (Table S1). Phylogenetic analyses using at least one 116 

nuclear and one chloroplast marker (Gehrke et al. 2008; 2016) found significant cytonuclear 117 

discordance regarding the relationships among the four major clades. Similar patterns, often 118 

attributed to hybridization and allopolyploidy, have been detected in other genera of Fragariinae 119 

(Lundberg 2009; Eriksson et al. 2015; Gehrke et al. 2016, Kamneva et al. 2017; Morales-Briones 120 
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et al. 2018a), leaving the phylogenetic relationships of Alchemilla s.l. to the rest of Fragariinae 121 

unresolved. Unlike most members of Fragariinae that have predominantly diploid species, 122 

Alchemilla s.l. is known for high rates of polyploidy. The base chromosome number of 123 

Alchemilla s.l. is eight (x = 8), which differs from all other members in Fragariinae that have a 124 

base of number of seven (x = 7; Dickinson et al. 2007; Lundberg et al., 2009). Ploidy levels have 125 

been well documented in Eualchemilla that shows only polyploid species (2n = 64 to 2203224; 126 

octoploid to 28-ploid; e.g., Turesson 1943; Izmailow 1981; Walters and Bozman, 1967; 127 

Hayirhoçlu-Ayaz et al. 2006). Aphanes has mainly diploid species (2n = 16), with the exception 128 

of Aphanes arvensis that is an hexaploid (2n = 48; Montgomery et al. 1997). Lachemilla has 129 

mostly polyploid members (2n = 24 to 96; triploid to 12-ploid) with a single species reported to 130 

have diploid (2n = 16 ) and triploid (2n = 24) populations (Morales-Briones et al. 2018a). Lastly, 131 

little is known about ploidy levels in Afromilla, but so far, the two species reported were both 132 

polyploids (2n =  64 to 80; octoploid and decaploid; Hjelmqvist 1956; Morton 1993). A recent 133 

phylogenomic analysis focused on Lachemilla using target enrichment and 32 species of the 134 

group detected a high frequency of paralogs shared with Eualchemilla and Afromilla (Morales-135 

Briones et al. 2018b). This paralog frequency suggested a possible ancient WGD event; however, 136 

the sampling was limited to one species each of Eualchemilla and Afromilla, and the location 137 

and mode of this putative WGD remained uncertain. 138 

In this study we sampled 68 species across the major clades of Alchemilla s.l., and 139 

included 11 additional closely related species in Fragariinae, which allowed us to 1) test for 140 

polyploid events in the origin of Alchemilla s.l., and 2) explore the reticulate evolution among 141 

major clades of Alchemilla s.l. using a target enrichment dataset. Given the prevalence of 142 

polyploidy and reticulate history within Alchemilla s.l., this is an excellent group to explore the 143 
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utility of tree-based methods for (1) processing paralogs, and (2) detecting and placing WGDs 144 

using target enrichment datasets. 145 

 146 

MATERIALS AND METHODS 147 

Taxon sampling and data collection 148 

We sampled 68 species representing the four major clades of Alchemilla s.l. (sensu Gehrke et al. 149 

2008), and 11 species to represent all other genera in Fragariinae (except Chamaecallis; sensu 150 

Dobea et al. 2015; Morales-Briones and Tank 2019). Additionally, we sampled one species each 151 

of Potentilla, Sanguisorba, and Rosa as outgroups. Voucher information is provided in Table S2. 152 

We used a Hyb-Seq approach (Weitemier et al. 2014), that combines target enrichment and 153 

genome skimming, to capture nuclear exon sequences and off-target cpDNA. We used baits 154 

designed for Fragaria vesca (strawberry, also a member of Fragariinae) to target 1,419 exons in 155 

257 genes (Kamneva et al. 2017). These genes were identified as single-copy orthologs among 156 

the apple (Malus domestica), peach (Prunus persica), and strawberry genomes based on 157 

reciprocal nucleotide similarity comparisons. The 257 genes resulted from first retaining only 158 

genes >960 bp long and with >85% similarity in pairwise comparisons among the three 159 

genomes. The remaining genes were further filtered by removing exons <80 bp long, with GC 160 

content <30% or >70%, and with >90% sequence similarity to annotated repetitive DNA in the 161 

genome, followed by removing exons with any paralogs with >90% sequence similarity in the 162 

same genome (Kamneva et al. 2017). 163 

Of the 82 total species, only sequences for Fragaria vesca, were from a reference 164 

genome (Shulaev et. al 2010). Twenty-two were from a previously published Hyb-Seq dataset 165 

using the same bait set as this study (Morales-Briones et al. 2018b; Table S2), including 19 166 
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species of Lachemilla that did not show evidence of hybridization within Lachemilla, and one 167 

species each of Eualchemilla, Afromilla, and Aphanes. Newly generated sequence data for 55 168 

species (Table S2) were collected as follows. Total genomic DNA was isolated from silica-dried 169 

or herbarium material with a modified CTAB method (Doyle and Doyle 1987). Probe synthesis, 170 

library preparation, capture enrichment, and high-throughput sequencing (HiSeq2000 instrument, 171 

2 × 101 bp) were carried out at Rapid Genomics LLC (Gainesville, FL, USA). Data for the 172 

remaining four species, Drymocallis glandulosa, Potentilla indica, Rosa woodsii, and 173 

Sanguisorba menziesii were collected as described in Weitemier et al. (2014). 174 

 175 

Read processing and assembly 176 

We removed sequencing adaptors and trimmed low-quality bases (Phred scores < 20) from raw 177 

reads with SeqyClean v.1.10.07 (Zhbannikov et al. 2017) using default settings. Plastomes were 178 

assembled using Alignreads v.2.5.2 (Straub et al. 2011) and 12 closely related plastome 179 

references (with one Inverted Repeat removed; Table S3). Plastome assemblies were annotated 180 

using Fragaria vesca as a reference in Geneious v.11.1.5 (Kearse et al. 2012). Assembly of 181 

nuclear loci was carried out with HybPiper v.1.3.1 (Johnson et al. 2016) using exons of F. vesca 182 

as references. Given the large number of paralogs detected in Lachemilla, Eualchemilla, and 183 

Afromilla, multi-exon gene assemblies resulted in chimeric sequences of exons from distinct 184 

paralogs (Morales-Briones et al. 2018b). To avoid chimeric sequences that can affect orthology 185 

inference and phylogenetic analyses, assemblies were performed on each exon separately. Only 186 

exons with a reference length of g 150 bp were assembled (939 exons from 257 genes). Paralog 187 

detection was carried out for all exons with the 8paralog_investigator9 option in HybPiper. This 188 

option flags loci with potential paralogs when multiple contigs cover at least 85% of the 189 
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reference sequence length. Exon assemblies that included flagged paralogs were extracted using 190 

the 8paralog_retriever9 command of HybPiper and used for orthology inference. 191 

 192 

Orthology inference for nuclear exons 193 

To infer orthologs for phylogenetic analyses, all exons were processed as follows (Fig. 1a). 194 

Individual exons were aligned using MACSE v.2.03 (Ranwez et al. 2018) with default 195 

parameters. Codons with frameshifts (labeled with 8!9 by MACSE) were replaced with gaps and 196 

aligned columns with more than 90% missing data were removed using Phyx (Brown et al. 197 

2017). Initial homolog trees were built using RAxML v.8.2.11 (Stamatakis 2014) with a 198 

GTRCAT model and clade support assessed with 100 rapid bootstrap (BS) replicates. Clades and 199 

paraphyletic grades that belonged to the same taxon were pruned by keeping only the tip with the 200 

highest number of characters in the trimmed alignment following Yang and Smith (2014). To 201 

obtain the final homolog trees, outlier tips with unusually long branches were detected and 202 

removed by maximally reducing the tree diameter with TreeShrink v.1.3.2 (Mai and Mirarab 203 

2018). Orthology inference was carried out using two outgroup-aware strategies from Yang and 204 

Smith (2014). We set Potentilla, Sanguisorba, and Rosa as outgroups and all members of 205 

Fragariinae as ingroups. First, we used the 8monophyletic outgroup9 (MO) approach keeping 206 

only ortholog groups with at least 25 ingroup taxa. The MO approach filters for homolog trees 207 

with outgroup taxa being monophyletic and single-copy, and therefore filters for single- and low-208 

copy genes. The second approach used was the 8rooted ingroup9 (RT), with at least 25 ingroup 209 

taxa. The RT approach iteratively searches subtrees of ingroup taxa and cuts them out as rooted 210 

trees. Both approaches root the gene tree by the outgroups, traverse the rooted tree from root to 211 

tip, and remove the side with fewer taxa (MO) or keep both sides (RT) when gene duplication is 212 
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detected at any given node. In the case of MO, homolog trees with non-monophyletic outgroups 213 

or duplicated taxa in the outgroups are discarded. If no taxon duplication is detected in a 214 

homolog tree, the MO approach outputs a one-to-one ortholog. The RT approach maximizes the 215 

number of orthologs compared to MO while not requiring monophyletic outgroups and allowing 216 

for duplicated taxa in the outgroups but removes outgroups from all orthologs. To add outgroups 217 

back to the RT orthologs for downstream analyses, we kept only RT orthologs from homologs 218 

that had a MO ortholog (i.e., using only homolog trees with monophyletic and non-duplicated 219 

outgroups for both MO and RT). Then we used the outgroups of the MO ortholog for all the RT 220 

orthologs of the same homolog (Fig. 1b). Scripts for orthology inference can be found at 221 

https://bitbucket.org/dfmoralesb/target_enrichment_orthology. 222 

 223 

 224 
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 225 

Figure 1. Paralog processing workflow and orthology inference methods used in Alchemilla s.l. 226 

homolog trees. a) Flow chart of paralog processing and homolog tree inference. b) Only 227 

homologs with outgroup present and monophyletic were used for orthology inference. 228 

Monophyletic outgroups (MO) will prune single-copy genes keeping clades with at least a user-229 

defined minimum number of ingroup taxa. Rooted ingroups (RT) will keep all subtrees with at 230 

least a user-defined minimum number of ingroups taxa. If the homolog trees can be pruned using 231 

both MO and RT, then RT orthologs are added to the same root. Homologs that lack 232 

monophyletic outgroups were excluded from further consideration. 233 

 234 

Phylogenetic analyses 235 

We used concatenation and coalescent-based methods to reconstruct the phylogeny of Alchemilla 236 

s.l. Analyses were carried out in the two sets of final orthologs, MO and RT, separately. Each 237 

ortholog was aligned using MACSE v.2.03 with default parameters. Codons with frameshifts 238 
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were replaced with gaps, aligned columns with more than 90% missing data were removed using 239 

Phyx, and alignments with at least 150 characters and 25 taxa were retained. We first estimated a 240 

maximum likelihood (ML) tree from the concatenated matrices with RAxML using a partition by 241 

gene scheme with a GTRGAMMA model for each partition. Clade support was assessed with 242 

100 rapid bootstrap (BS) replicates. To estimate a species tree that is statistically consistent with 243 

the multi-species coalescent (MSC), we first inferred individual ML gene trees using RAxML 244 

with a GTRGAMMA model, and 100 BS replicates to assess clade support. Individual gene trees 245 

were then used to estimate a species tree using ASTRAL-III v.5.6.3 (Zhang et al. 2018) using 246 

local posterior probabilities (LPP; Sayyari and Mirarab 2016) to assess clade support. 247 

To evaluate nuclear gene tree discordance, we calculated the internode certainty all (ICA) 248 

value to quantify the degree of conflict on each node of the map tree (e.g., species tree) given 249 

individual gene trees (Salichos et al. 2014). Also, we calculated the number of conflicting and 250 

concordant bipartitions on each node of the map tree. We calculated both the ICA scores and the 251 

number of conflicting/concordant bipartitions with Phyparts (Smith et al. 2015) using individual 252 

ortholog trees with BS support of at least 50% for the corresponding node. Additionally, to 253 

distinguish strong conflict from weakly supported branches, we evaluated tree conflict and 254 

branch support with Quartet Sampling (QS; Pease et al. 2018) using 1,000 replicates. Quartet 255 

Sampling subsamples quartets from the input map tree (e.g., species tree) and concatenated 256 

alignment to assess the confidence, consistency, and informativeness of each internal branch by 257 

the relative frequency of the three possible quartet topologies at each node (Pease et al. 2018). 258 

In addition to species tree construction using inferred orthologs, we used a recently 259 

developed quartet-based species tree method (ASTRAL-Pro; Zhang et al. 2020a) to estimate the 260 

phylogeny of Alchemilla s.l. ASTRAL-Pro directly uses multi-labeled gene trees while 261 
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accounting for gene duplications and losses to estimate a species tree that is statistically 262 

consistent with the MSC and birth-death gene duplication and loss model. We used all 923 final 263 

homolog trees as input for ASTRAL-Pro, ignoring trees with less than 20 taxa, and estimated 264 

LPP to assess clade support. Additionally, we calculated ICA scores and the number of 265 

conflicting/concordant bipartitions with Phyparts using homolog trees with BS support of at least 266 

50% for the corresponding nodes. 267 

For the plastome phylogenetic analyses, 74 partial plastome assemblies and eight 268 

reference plastome sequences were included (Table S3). Contiguous plastome sequences were 269 

aligned using the default settings in MAFFT v.7.307 (Katoh and Standley 2013) and aligned 270 

columns with more than 70% missing data were removed with Phyx. We estimated an ML tree 271 

of the plastome alignment with RAxML using a partition by coding (CDS) and noncoding 272 

regions (introns and intergenic spacers) scheme, with a GTRGAMMA model for each partition 273 

and clade support assessed with 100 rapid BS replicates and QS using 1,000 replicates, to detect 274 

potential within-plastome conflict in the backbone of Alchemilla s.l. as recently reported in other 275 

groups (e.g., Gonçalves et al. 2019; Walker et al. 2019; Zhang et al. 2020b; Morales-Briones et 276 

al. 2021). 277 

 278 

Mapping whole genome duplications 279 

We took two alternative approaches for detecting WGD events by mapping gene duplication 280 

events from gene trees onto a map tree (e.g., species tree). The first approach begins by 281 

extracting orthogroups from the final homolog trees. Orthogroups are rooted ingroup lineages 282 

separated by outgroups that include the complete set of genes in a lineage from a single copy in 283 

their common ancestor. We extracted orthogroups requiring at least 50 out of 79 species in 284 
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Fragariinae. Gene duplication events were then recorded on the most recent common ancestor 285 

(MRCA) on the map tree when two or more species overlapped between the two daughter clades 286 

Each node on a map tree can be counted only once from each gene tree to avoid nested gene 287 

duplications inflating the number of recorded duplications (Yang et al. 2018; 288 

https://bitbucket.org/blackrim/clustering, 8extract_clades.py9 and 8map_dups_mrca.py9). We 289 

mapped duplication events onto both the MO and RT trees using orthogroups from all 923 final 290 

homologs, filtering orthogroups using an average BS of at least 50%. We carried out the 291 

mapping using two sets of orthogroups, one from all homologs, and the from the longest 292 

homologs (the single longest aligned exon per gene) to avoid inflating the counts in multi-exon 293 

genes. 294 

For the second strategy of WGD mapping, we explicitly tested for polyploidy mode using 295 

GRAMPA (Thomas et al. 2017). GRAMPA uses MRCA reconciliation with multi-labeled gene 296 

trees to compare allo-or autopolyploid scenarios in singly- or multi-labeled map trees (e.g., 297 

species tree). To reduce the computational burden of searching all possible reconciliations, we 298 

constrained searches to only among crown nodes of major clades of Alchemilla s.l., which all are 299 

well supported (including the 'dissected' and 'lobed' clades of Eualchemilla; see results) and 300 

genera within Fragariinae. We ran reconciliation searches using all 923 final homologs, as well 301 

as using only the longest homologs (the single longest aligned exon per gene; 256), against either 302 

the MO or RT tree. We expected multiple WGD events within Alchemilla s.l. (see results), but 303 

GRAMPA can only infer one WGD at a time. To disentangle nested duplication events, we also 304 

carried out similar GRAMPA reconciliations using the MO tree and sequentially excluding 305 

major groups of Alchemilla s.l. that were identified as a polyploid clade. We only used the MO 306 

tree as it differs from the RT tree only by the location of the 8lobed9 clade, which was the first 307 
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clade identified as allopolyploid (see results) and was removed for subsequent GRAMPA 308 

analyses. Finally, to test for a polyploid origin of Alchemilla s.l., we carried out searches among 309 

the constrained crown node of Alchemilla s.l. and the rest of the genera within Fragariinae using 310 

the MO and cpDNA trees. The backbone of Fragariinae differed between the MO (same as RT) 311 

tree and the cpDNA tree. Thus, we tested how this affected the inference of the polyploid origin 312 

of Alchemilla s.l. We also carried out similar searches but using each of the five major clades 313 

individually. 314 

Both approaches used here to detect WGD events use final homolog trees and as any 315 

other tree-based method they may be sensitive to tree informativeness. To explore node support 316 

across homologs, we run a conflict analysis with Phyparts using individual final homologs trees 317 

with a BS support filter of at least 50% for each node. We used both the MO and RT trees as 318 

map trees and ran the analysis using all homolog exons as well as only the longest homolog exon 319 

per gene. 320 

 321 

Distribution of synonymous distance among gene pairs (Ks plots) 322 

To obtain further evidence for WGD events and compare them to those inferred from gene 323 

duplication events from target enrichment, we analyzed the distribution of synonymous distances 324 

(Ks) from RNA-seq data of four species of Alchemilla s.l. and nine species of Fragariinae (Table 325 

S4). Read processing and transcriptome assembly followed Morales-Briones et al. (2020). For 326 

each of the four species, a Ks plot of within-species paralog pairs based on BLASTP hits was 327 

done following Yang et al. (2018; https://bitbucket.org/blackrim/clustering; 8ks_plots.py9). Ks 328 

peaks were identified using a mixture model as implemented in mixtools v.1.2.0 (Benaglia et al. 329 

2009). The optimal number of mixing components was estimated using parametric bootstrap 330 
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replicates of the likelihood ratio test statistic (McLachlan and Peel 2000). We tested up to five 331 

components using 500 bootstrap replicates in mixtools. Additionally, we used between-species 332 

Ks plots to determine the relative timing of the split between two species and compare it to that 333 

of WGD events inferred with within-species Ks plots. Ks plots of between-species also followed 334 

Yang et al. (2018; 8ks_between_taxa_cds.py9). Lastly, we also attempted to build Ks plots using 335 

raw homologs from target enrichment, but the relatively low number of genes (256) failed to 336 

produce a meaningful distribution (not shown). 337 

 338 

RESULTS 339 

Assembly and orthology inference 340 

The number of assembled exons per species (with > 75% of the target length) ranged from 632 341 

(Alchemilla fissa) to 934 (Dasiphora fruticosa) out of 939 single-copy exon references from F. 342 

vesca, with an average of 873 exons (Table S5). The number of exons with paralog warnings 343 

ranged from 10 in Drymocallis glandulosa to 746 in Alchemilla mollis (Table S5). The number 344 

of exon alignments with g 25 species was 923 from 256 genes. The orthology inference resulted 345 

in 914 MO orthologs (Table S6), and 1,906 RT orthologs (Table S6). The trimmed alignments of 346 

the MO orthologs ranged from 136 to 5,740 characters with a mean of 425 characters (median = 347 

268). The concatenated alignment of the MO orthologs, with at least 150 aligned characters and 348 

25 species for each exon, included 910 exons and 387,042 characters with a matrix occupancy of 349 

66%. The trimmed alignments of the RT orthologs ranged from 136 to 5,740 characters with a 350 

mean of 394 characters (median = 259). The concatenated alignment of the RT orthologs, with at 351 

least 150 aligned characters and 25 species, included 1,894 exons and 746,562 characters with a 352 
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matrix occupancy of 54%. The chloroplast alignment included 124,079 characters with a matrix 353 

occupancy of 77%. 354 

 355 

Nuclear phylogenetic analyses 356 

All nuclear analyses recovered the monophyly of Alchemilla s.l. with maximum support (i.e., 357 

bootstrap percentage [BS] = 100, local posterior probabilities [LPP] = 1.0; Fig. 2; Fig. S1), most 358 

informative gene trees being concordant with this node (858 out of 863 for MO; 977/984 for RT; 359 

912/932 for ASTRAL-Pro; ICA = 0.95), and full QS support (1.0/3/1.0; i.e., all sampled quartets 360 

supported that node). Five major clades were identified within Alchemilla s.l.: Afromilla, 361 

Aphanes, Eualchemilla-8dissected9, Eualchemilla-8lobed,9 and Lachemilla. Moreover, the 362 

relationships among these clades showed high levels of discordance and varied among the MO 363 

and RT trees. 364 

Analyses of the MO orthologs using ASTRAL and concatenated ML approaches resulted 365 

in similar topologies for the backbone of Alchemilla s.l. (Fig. 2). The monophyly of the five 366 

major clades each received maximum support (BS = 100; LPP = 1.0) and had most trees being 367 

concordant (except for the two clades of Eualchemilla). Eualchemilla was paraphyletic and split 368 

into the 'dissected' and 'lobed' clades. Monophyly of the 8dissected9 clade was supported by 118 369 

out of 429 informative trees (ICA = 0.08) and strong QS score (0.87/0.34/1), while the 8lobed9 370 

clade was supported by 73 out of 420 informative trees (ICA = 0.06) and strong QS score 371 

(0.61/0.98/0.99). In both cases, the 8dissected9 and 8lobed9 clades had a relatively small 372 

percentage of supporting trees, but the conflict analysis and QS score did not reveal any well-373 

supported alternative topology. Aphanes was recovered as sister to the Eualchemilla-8lobed9 374 

clade with relatively low support (BS = 90, LPP = 0.62), 60 concordant trees (out of 430 375 
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informative gene trees; ICA = 0.08), and weak QS score (0.016/0.95/0.98) with similar 376 

frequencies for the two discordant alternative topologies. The Eualchemilla-8dissected9 clade was 377 

recovered as sister to Eualchemilla-8lobed9 + Aphanes with maximum support, 279 concordant 378 

trees (out of 482 informative gene trees; ICA = 0.29), and full QS score. Afromilla was 379 

recovered as sister to the clade consisted of Eualchemilla (8dissected and 8lobed9) and Aphanes 380 

with high to low support (BS = 100, LPP = 0.88), only 146 concordant trees (out of 413 381 

informative gene trees; ICA = 0.22), and weak QS support (0.2/0.44/0.99) with a skew in 382 

discordance suggesting a possible alternative topology (Lachemilla sister to Eualchemilla + 383 

Aphanes). Lastly, Lachemilla was recovered as the sister to the rest of Alchemilla s.l. 384 

Analysis of the RT orthologs using ASTRAL and concatenated ML approaches both 385 

recovered the same major clades, but they differed in the relationship among these five clades 386 

(Fig. 2a; Fig. S1). In both analyses, Lachemilla, Afromilla, and Aphanes had maximum support 387 

(BS = 100; LPP = 1.0) and had most trees being concordant. Eualchemilla was recovered as 388 

monophyletic and composed of the 'dissected' and 'lobed' clades. The monophyly of 389 

Eualchemilla had high to low support (BS = 99, LPP = 0.63), only 231 concordant trees (out of 390 

819 informative gene trees; ICA = 0.12), and weak QS support (0.023/0.87/0.98) with similar 391 

frequencies for the two discordant alternative topologies. Similar to the MO analyses, the 392 

8dissected9 and 8lobed9 clades each had low number of concordant trees (218 out of 557 [ICA = 393 

0.19] and 136 out of 707 [ICA = 0.08], respectively), and strong QS support (0.98/0/1 and 394 

0.62/0.17/0.99, respectively). Eualchemilla was recovered as sister of Aphanes with maximum 395 

support (BS = 100), 348 concordant trees (out of 728 informative trees; ICA = 0.29) and full QS 396 

support. The ML concatenated tree (Fig. 2a; Fig. S1) placed Afromilla as sister to the clade 397 

formed of Eualchemilla and Aphanes with maximum support (BS = 100), 212 concordant gene 398 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2020.08.21.261925doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.21.261925
http://creativecommons.org/licenses/by-nc-nd/4.0/


MORALES-BRIONES ET AL. 20 

trees (out of 771 informative trees; ICA = 0.27), and weak QS support (0.18/0.66/0.99) with no 399 

significant skew between the two discordant alternatives. Lachemilla was placed as sister to the 400 

rest of Alchemilla s.l. The ASTRAL tree in turn (Fig. S1a), retrieved Lachemilla as sister to the 401 

clade formed of Eualchemilla and Aphanes with no support (LPP = 0.01), 247 concordant trees 402 

(out of 953 informative trees; ICA = 0.19), and QS counter-support (-0.21/0.29/0.99), showing 403 

that the majority of the quartets supported one alternative topology (Afromilla sister to 404 

Eualchemilla + Aphanes). In this case, Afromilla was placed as sister to the rest of Alchemilla s.l. 405 

The ASTRAL-Pro analysis using multi-labeled homolog trees recovered the same 406 

backbone topology of Alchemilla s.l. as the concatenated ML analysis from the RT orthologs 407 

(Fig. 2b; Figs S23S3). All five major clades had the maximum support (LPP = 1.0). 408 

Eualchemilla, composed of the 'dissected' and 'lobed' clades, had moderate support (LPP = 0.76) 409 

and only 415 concordant trees (out of 1106 informative trees; ICA = 0.17). The 8dissected9 and 410 

8lobed9 clades had low numbers of concordant trees (379 out of 941 [ICA = 0.23] and 65 out of 411 

824 [ICA = 0.09], respectively), but did not show signal of any alternative topology. Aphanes 412 

was placed as the sister of Eualchemilla with maximum support (LPP = 1.0), 426 concordant 413 

trees (out of 952 trees; ICA = 0.34), and no support for any major alternative topology. Afromilla 414 

was recovered as sister to the clade formed of Eualchemilla and Aphanes with low support (LPP 415 

= 0.52), 492 concordant trees (out of 953 trees; ICA = 0.42), and no support for any alternative 416 

topology. 417 

 418 

Chloroplast phylogenetic analyses 419 

The chloroplast ML tree (Fig. 2c; Fig. S4) recovered a well-supported backbone Alchemilla s.l. 420 

where the monophyly of Aphanes, Afromilla, and Lachemilla, had maximum or near maximum 421 
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support (i.e., bootstrap percentage [BS] = 100, QS support = [1.0/3/1.0]). Eualchemilla, 422 

composed of the 'dissected' and 'lobed' clades, also had the maximum support. The 8dissected9 423 

and 8lobed9 clades had strong support (BS = 75, QS = 0.8/0.43/0.88 and BS = 100, QS = 424 

0.95/0.25/0.92, respectively). Aphanes and Eualchemilla formed, with maximum support, a clade 425 

as in the nuclear analyses. In turn, Afromilla and Lachemilla were recovered as sister clades with 426 

maximum support, which differed from the nuclear analyses. 427 
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 428 

Figure 2. Maximum likelihood phylogeny of Alchemilla s.l. inferred from RAxML analysis of 429 

the concatenated 910-nuclear exon supermatrix from the 8monophyletic outgroup9 (MO) 430 

orthologs. Bootstrap support (BS) and Local posterior probability (LLP) are shown above 431 

branches. Nodes with full support (BS= 100/LLP= 1) are noted with an asterisk (*). Em dashes 432 

(4) denoted alternative topology compared to the ASTRAL tree. Quartet Sampling (QS) scores 433 

for major clades are shown below branches. QS scores in blue indicate strong support and red 434 

scores indicate weak support. QS scores: Quartet concordance/Quartet differential/Quartet 435 
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informativeness. Pie charts for major clades represent the proportion of exon ortholog trees that 436 

support that clade (blue), the proportion that support the main alternative bifurcation (green), the 437 

proportion that support the remaining alternatives (red), and the proportion (conflict or support) 438 

that have < 50% bootstrap support (gray). Gene trees with missing data that were uninformative 439 

for the node were ignored. Branch lengths are in number of substitutions per site (scale bar on 440 

the bottom). Inset: a) Summary Maximum likelihood phylogeny inferred from RAxML analysis 441 

of the concatenated 1,894-nuclear exon supermatrix from the 8rooted ingroup9 orthologs (RT). 442 

BS and LLP are shown above branches and QS scores below the branches. Branch lengths are in 443 

number of substitutions per site; b) Summary ASTRAL-Pro tree inferred from 923 multi-labeled 444 

exon homolog trees. LLP are shown next to nodes. Branch lengths are in coalescent units. c) 445 

Summary Maximum likelihood phylogeny inferred from RAxML analysis of concatenated 446 

partial plastomes. BS and LLP are shown above branches and QS scores below the branches. 447 

Branch lengths are in number of substitutions per site. 448 

 449 

Mapping whole genome duplications 450 

By mapping the most recent common ancestor (MRCA) of gene duplication events from 451 

orthogroup trees onto the MO and RT trees, we found four nodes in Alchemilla s.l. that each had 452 

an elevated proportion of gene duplications (Fig. 3a3b). This trend was consistent regardless of 453 

using all 923 homolog exons (868 after orthogroup inference and BS filtering) or using only the 454 

256 longest homolog exons per gene (250 after orthogroup inference and BS filtering; Fig. S5). 455 

Therefore, here we describe the results only for the latter. These four clades include (Fig. 3a; Fig. 456 

S5): 1) the MRCA of Alchemilla s.l. (86.0% of the 250 genes show evidence of duplication), 2) 457 

the MRCA of Eualchemilla , Aphanes, and Afromilla (34.4%), 3) the MRCA of Eualchemilla + 458 

Aphanes (MO: 18.4%; RT:15.6% ), and 4) the MRCA of Lachemilla (18.4%). These four nodes 459 

have an elevated proportion of gene duplications compared to all other nodes in Fragariinae (Fig. 460 

3b) and it is consistent with the number of paralogs counted from the final homolog trees (after 461 

pruning of clades or paraphyletic grades of same species; Fig. 3c). Interestingly, although deeply 462 
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nested in Alchemilla s.l., Aphanes had a lower number of paralogs than the rest of Alchemilla s.l., 463 

resembling the other members of Fragariinae (Fig. 3c). 464 

 465 

 466 

Figure 3. Orthogroup gene duplication mapping results. a) Summarized cladogram of Alchemilla 467 

s.l. from the 8monophyletic outgroup9 (MO) ortholog tree. Percentages next to nodes denote the 468 

proportion of duplicated genes when using orthogroups from the longest homologs (250 after 469 

orthogroup inference and filtering). Nodes with elevated proportions of gene duplications are 470 

numbered 134 as referenced in the main text. See Fig. S5 for the full tree. b) Histogram of 471 

percentages of gene duplication per branch. c) Number of paralogs per taxa in the final homolog 472 

trees. In final homologs clades and paraphyletic grades of the same species were pruned leaving 473 
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only one tip per species. Each locus is represented by the longest homolog (the single longest 474 

aligned exon per gene). 475 

 476 

Bootstrap support for exon homologs were informative (BS g 50%) at most nodes, 477 

especially regarding the relationship among the major clades of Alchemilla s.l. (Fig. S6). 478 

Therefore, uninformative homolog trees were unlikely to affect the results from WGD detection 479 

analysis overall. The proportion of uninformative nodes (BS < 50%) were at most 30% in the 480 

worst case (Eualchemilla + Aphanes + Afromilla) when using all homolog exons. This 481 

proportion reduces significantly when using only the longest homolog exons (Fig. S6). 482 

 Similar to the results of MRCA mapping, the GRAMPA analyses recovered the same 483 

results when using all 923 homologs or only the longest homologs (256). GRAMPA 484 

reconciliations using all major clades of Alchemilla s.l. recovered optimal multi-labeled trees 485 

with the best score (i.e., lowest reconciliation score; Fig. S7) where the 'lobed' clade of 486 

Eualchemilla was of an allopolyploid origin, but the putative parental lineages varied between 487 

the MO and RT trees. The reconciliations using the MO tree (reconciliation score [RS] = 70,250; 488 

Fig. 4a; Fig. S8) showed that the 'lobed' clade was of allopolyploid origin between an unsampled 489 

or extinct lineage sister to Aphanes and an unsampled or extinct lineage (8lineage9 for short 490 

hereafter) sister to 'dissected' + Aphanes. In turn, the reconciliations using the RT tree (RS = 491 

70,721; Fig. S8) showed that the 'lobed' clade was of allopolyploid origin between a 8lineage9 492 

sister to the 'dissected' clade, and also a 8lineage9 sister to 'dissected' + Aphanes. Alternative 493 

multi-labeled trees had higher (worse) RSs (70,482 for MO and 70,739 for RT; Fig. S7). The 494 

GRAMPA reconciliations performed on the MO tree with removal of major clades of Alchemilla 495 

s.l. inferred as allopolyploid resulted in the identification of additional polyploidy events (Fig. 496 

4b3d). First, we removed the 'lobed' clade, and this resulted in the recovery of Afromilla as an 497 
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allopolyploid clade (RS = 127,836). Afromilla parental lineages were a 8lineage9 sister to 498 

Aphanes + the 'dissected' clade, and a 8lineage9 sister to all remaining Alchemilla s.l. (Fig. 4b). 499 

Alternative multi-labeled trees reconciliations had scores starting at 127,869 (Fig. S7). The 500 

further removal of Afromilla resulted in recovery of the 'dissected' clade as allopolyploid (RS = 501 

167,545). The 8dissected9 clade had as parental lineages the 8lineage9 sister to Aphanes and the 502 

8lineage9 sister to all remaining Alchemilla s.l. except for Lachemilla (Fig. 4c). Other 503 

reconciliation alternatives had scores starting at 167,612 (Fig. S7). Finally, the removal of the 504 

8dissected9 clade resulted in the Lachemilla being recovered also as an allopolyploid clade (RS = 505 

181,302). The parental lineages of Lachemilla were a 8lineage9 sister to Aphanes and a 8lineage9 506 

sister to all remaining Alchemilla s.l. (Fig. 4d). Alternative multi-labeled trees reconciliations had 507 

scores starting at 181,564 (Fig. S7). 508 

The GRAMPA results from the analyses with constrained searches on the crown node of 509 

Alchemilla s.l. recovered different modes of polyploidy when using the MO tree or the cpDNA 510 

tree. The MO tree had Farinopsis, Sibbaldianthe + Sibbaldia, Comarum, and Fragaria forming a 511 

grade sister to Alchemilla s.l., while Drymocallis, Chamaerhodos, Potaninia, and Dasiphora 512 

form a clade that is sister to all other Fragariinae (Fig. 2). The reconciliations using the MO tree 513 

resulted in an allopolyploid event for the clade composed of Alchemilla s.l., Farinopsis, 514 

Sibbaldianthe, and Sibbaldia (RS = 339,755; Fig. S9). The parental lineages of this clade were a 515 

8lineage9 sister to Comarum, and a 8lineage9 sister to the grade formed of Comarum and 516 

Fragaria (Fig. S9). Alternative multi-labeled trees had scores starting at 340,053 (Fig. S7). The 517 

reconciliations using individual major clades of Alchemilla s.l. resulted in identical patterns as in 518 

the full constrained analysis (Fig. S10). The cpDNA tree had Alchemilla s.l. as part of a grade 519 

formed along with Farinopsis, Comarum, and Sibbaldianthe + Sibbaldia, while Fragaria was 520 
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recovered as sister to the clade composed of Drymocallis, Chamaerhodos, Potaninia, and 521 

Dasiphora, which is sister to all other Fragariinae (Fig. S4). The reconciliations on the cpDNA 522 

tree recovered Alchemilla s.l. as of autopolyploid origin (RS = 364,594; Fig. 4e; Fig. S9). 523 

Alternative multi-labeled trees had scores starting at 363,987 (Fig. S7). The analyses using 524 

individual major clades of Alchemilla s.l. recovered identical patterns as in the full constrained 525 

analysis, except for Aphanes that resulted in a singly-labeled tree (Fig. S10). 526 

To further explore WGD events using alternative data sources, we analyzed Ks plots 527 

from genomes and transcriptomes across Fragariinae. The distribution of synonymous distances 528 

in the transcriptomes of four species of Eualchemilla (one 8dissected9 and three 8lobed9) shared 529 

three optimal mixing components with a Ks mean at approximately 0.1, 0.34, and 1.67, 530 

respectively (Fig. S11). The first two components partially overlapped and corresponded to at 531 

least two WGD events in all four sampled species of Eualchemilla, that happened before the 532 

splits between the lobed vs. the dissected clades of Eualchemilla (Ks ~ 0.02; Fig. S12). The third 533 

shared component corresponds to a whole genome triplication event early in the core eudicots 534 

(Jiao et al. 2012; Fig. S11). All nine species from other genera in Fragariinae had two optimal 535 

mixing components. One component is a Ks peak at 1.6131.78 corresponding to the whole 536 

genome triplication event early in eudicot (Fig. S11). In the case of the diploid species, the 537 

second component represents a small and very young (~ 0.05) peak, most likely the product of 538 

small-scale recent gene duplications. The only two polyploid species from the other genera in 539 

Fragariinae, Comarum palustre (2n=28364) and Sibbaldianthe bifurca (2n=28), had a single 540 

additional significant component at 0.11 and 0.08, respectively (Fig. S11). The Ks plots between 541 

species of Eualchemilla and Fragariinae species outside of Alchemilla s.l., and between species 542 

of Fragariinae showed that the WGD events detected in Eualchemilla were not shared with other 543 
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genera outside of Alchemilla s.l. Likewise, the WGD events in Comarum palustre and 544 

Sibbaldianthe bifurca occurred after the split of the two species (Fig. S12). 545 

 546 

 547 

Figure 4. Summary of optimal multi-labeled tree (MUL-tree) inferred from GRAMPA analyses. 548 

a) MUL-tree based on reconciling homologs against the species tree inferred from 8monophyletic 549 

outgroup9 (MO) orthologs including all taxa. Red branches denote the allopolyploid origin of the 550 

'lobed' clade of Eualchemilla. b) MUL-tree after removing  the 'lobed' clade of Eualchemilla as in 551 

a). Green branches denote the allopolyploid origin of Afromilla. c) MUL-tree after removing 552 

Afromilla as in b). Blue branches denote the allopolyploid origin of the 'dissected' clade of 553 

Eualchemilla. d). MUL-tree after further removing the 'dissected' clade as in c). Yellow lines 554 

denote the allopolyploid origin of Lachemilla. e) MUL-tree using constrained searches of the 555 

crown node of Alchemilla s.l. on the cpDNA tree. Orange branches denote the autopolyploid 556 
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origin Alchemilla s.l. f) Putative summary network of all reticulation events in Alchemilla s.l. 557 

Colored curved branches denote different polyploid events as in a3e. Dashed curved lines 558 

represent the maternal lineage (cpDNA) in allopolyploid events. 559 

 560 

DISCUSSION 561 

Processing paralogs in target enrichment datasets 562 

The increased use of target enrichment methods in combination with reduced sequencing costs 563 

and higher read coverage have facilitated the recovery of paralogs in such datasets. Paralogy is 564 

sometimes viewed as a nuisance for phylogenetic reconstruction and is commonly aimed to be 565 

reduced in early stages of experimental design, by targeting only single- or low-copy genes 566 

during the selection of loci (e.g., Chamala et al. 2015; Nicholls et al. 2015; Gardner et al. 2016; 567 

Kamneva et al. 2017). Still, the recovery of paralogs is inevitable when working with groups 568 

where WGD is prevalent, especially in plants, leading to various strategies to remove them prior 569 

to phylogenetic analyses. Commonly used target enrichment assembly pipelines (e.g., Faircloth 570 

2016; Johnson et al. 2016; Andermann et al. 2018) use different criteria to flag assembled loci 571 

with putative paralogs that are later filtered or processed prior to phylogenetic analysis. The most 572 

used common approach for dealing with paralogous loci in target enrichment datasets is 573 

removing the entire locus that show any signal of potential paralogy (e.g., Crowl et al. 2017; 574 

Montes et al. 2019; Bagley et al. 2020). The removal of paralogous loci can significantly reduce 575 

the size of target enrichment datasets and most often do not take in consideration the reason why 576 

a locus was flagged for putative paralogy (i.e., allelic variation or gene duplication). Orthology 577 

inference should be carried for all loci in target enrichment data, as relying on settings in 578 

assembly pipelines does not guarantee that non-removed or non-flagged loci are orthologous. 579 

Furthermore, removing paralogs before phylogenetic inference eliminates valuable information 580 
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that could have been used to detect and place WGD events using target enrichment data. Other 581 

approaches either retain or remove contigs based on the distinction being putative allelic 582 

variation (flagged sequences from monophyletic conspecific groups) or putative paralogs 583 

(paralogs from the same species are non-monophyletic) in combination with study-specific 584 

threshold or random selection (e.g., Villaverde et al; 2018; Liu et al. 2019; Stubbs et al. 2019), or 585 

manual processing (e.g., Garcia et al. 2017; Karimi et al. 2019). As dataset size increases, 586 

manual processing becomes prohibitive. 587 

The presence of WGDs also poses some challenges for locus assembly. Target 588 

enrichment design commonly includes multi-contig targets that assembly pipelines attempt to 589 

assemble into single contigs (e.g., Faircloth 2016) or 8supercontigs9 composed of multiple exons 590 

and partially assembled introns (e.g., Johnson et al. 2016). In groups like Alchemilla s.l., where 591 

multiple, nested WGD events led to a prevalence of paralogs, 8supercontigs9 can produce 592 

chimeric assemblies (Morales-Briones et al. 2018b). Instead, we assembled the exons 593 

individually to minimize chimeric loci, at the cost of working with some short exons that 594 

contribute little phylogenetic information, which can affect orthology inference and downstream 595 

analyses. Therefore, it is important to take this into consideration during target enrichment 596 

experimental design, and to preferentially target long exons when possible in groups where 597 

WGD is expected. An alternative strategy to avoid chimeric supercontigs when gene duplications 598 

are frequent is to perform a preliminary orthology inference in single exon-based trees and then 599 

use the inferred orthologs as a reference to reassemble the loci into 'supercontigs' (e.g., Gardner 600 

et al. 2020; Karimi et al. 2020). Another aspect to take in consideration during or right after 601 

assembly is allele phasing. While phasing heterozygous loci, from population or individual 602 

variation, have been shown to have minimal impact in phylogenetic reconstruction in target 603 
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enrichment data (e.g., Kates et al. 2018), the effect on unphased or merged loci in cases of WGD 604 

can be larger and be a source of gene tree error. Here we were interested in ancient WGD in 605 

Alchemilla s.l. and relied on enough sequencing coverage and sequence dissimilarity to assemble 606 

separate paralogs (homoeologs in the case of allopolyploidy) that can be flagged as such by 607 

HybPiper. While we obtained a large number of deep paralogs across Alchemilla s.l. (Fig. 3c; 608 

Table S5), there is still the possibility of some locus included merged sequences from paralogs 609 

with high sequence similarity. Paralog merger should be more problematic in cases of recent 610 

allopolyploidy or neo-allopolyploidy taxa. To this end, recently developed tools have been 611 

designed to phase gene copies into polyploid subgenomes using phylogenetic and similarity 612 

approaches (e.g., Freyman et al. 2020, Nauheimer et al. 2020).  613 

The utility of paralogs for phylogenetic reconstruction in target enrichment datasets is 614 

gaining more attention (e.g., Johnson et al. 2016; Gardner et al. 2020). A few studies have 615 

considered tree-based orthology inference to process affected loci (e.g., Garcia et al. 2017; 616 

Moore et al. 2018, Morales-Briones et al. 2018b), but in some cases the orthology approaches 617 

used cannot be applied to other groups. Here we demonstrated the utility of automated, tree-618 

based orthology inference methods (Yang and Smith 2014), originally designed for genomic or 619 

transcriptomic datasets, to infer orthology from paralog-flagged loci in a target enrichment 620 

dataset. Our approach facilitates the automated inference of orthologs while maximizing the 621 

number of loci retained for downstream analyses. These methods are agnostic of the data source 622 

and should work for any type of target enrichment dataset (e.g., anchored phylogenomics, exon 623 

capture; Hyb-Seq, ultraconserved elements). 624 

Orthology inference methods used here (Yang and Smith et al. 2014) are a powerful tool 625 

for target enrichment datasets. In the case of allopolyploidy, however, these methods can 626 
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introduce bias in the distribution of ortholog trees inferred. In the case of MO, each time a gene 627 

duplication event is detected, the side with a smaller number of taxa is removed. When 628 

allopolyploidy occurs, MO may bias towards one subgenome due to 1) bias in gene loss between 629 

subgenomes. Even if the submissive subgenome is present in some parts of the genome, it is 630 

differentially lost in a higher number of loci, 2) bias in bait design. In the case of Alchemilla s.l., 631 

this is less likely as baits are designed in outgroups. If baits are designed according to ingroup 632 

taxa, depending on which taxa were used it can have higher affinity to one subgenome instead of 633 

another, and 3) unequal sampling of parental lineages. If one parental lineage is more densely 634 

sampled than the other or one parental lineage is unsampled, the two subgenomes will be in 635 

species-rich versus species-poor clades respectively in gene trees. One could alternatively 636 

preserve a random side each time a gene duplication event is identified. However, in practice, the 637 

side with a smaller number of taxa often contains misassembled or misplaced sequences. The RT 638 

method of separating duplicated gene copies, on the other hand, keeps any subtree with sufficient 639 

number of taxa, but removes outgroups, and worked best when hierarchical outgroups were 640 

included in the taxon sampling. Therefore, both MO and RT lose information, especially in cases 641 

with complex, nested polyploidy. Recently developed methods based on quartet similarity 642 

(Zhang et al. 2020a) or Robinson-Foulds distances (Molloy and Warnow 2020) can directly 643 

estimate species trees from multi-labeled trees that are consistent with the MSC and gene 644 

duplication and loss without inferring orthologs (for a recent review see Smith and Hahn 2020). 645 

However, their behavior on complex datasets using archival materials is yet to be explored. For 646 

example, both methods do not define ingroup-outgroup relationships a priori, and correctly 647 

inferring the root of homolog trees can be challenging with missing data, or when WGD occurs 648 

near the root. In addition, none of these above species tree reconstruction methods (Molloy and 649 
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Warnow 2020; Zhang et al. 2020a) were designed to handle reticulate relationships. This can 650 

result in species tree topology that is an <average= between subgenomes. Depending on the 651 

topological distance of subgenomes, the resulting species tree may not represent any subgenome 652 

history. Finally, most current methods for evaluating node support still require orthologous gene 653 

trees as input. In such cases tools like Phyparts can still be used to visualize gene tree 654 

discordance and calculate ICA scores using multi-labeled trees. 655 

 656 

Phylogenetic implications in Alchemilla s.l. 657 

Previous phylogenetic studies established the monophyly Alchemilla s.l. and four major clades of 658 

the group (Gehrke et al. 2008; 2016), but the relationship among them and the placement of 659 

Alchemilla s.l. within Fragariinae remain unresolved. Our nuclear and plastid analyses both 660 

confirmed the monophyly of Alchemilla s.l. and its sister relationship to Farinopsis, as 661 

previously shown by Morales-Briones and Tank (2019) based on plastome sequences only. 662 

Gehrke et al. (2008) identified two well supported clades within Eualchemilla that were 663 

distinguished by leaf shape, namely the 'dissected' and 'lobed' clades. Most species of 664 

Eualchemilla have a leaf shape consistent with their clade placement, but some had different leaf 665 

shapes that were attributed to their hybrid origin between the two clades (Gehrke et al. 2008). 666 

More recently, Gehrke et al. (2016) and Morales-Briones and Tank (2019) found that 667 

Eualchemilla is not monophyletic in analyses that included the external transcribed spacer (ETS) 668 

of the nuclear ribosomal DNA (nrDNA) cistron. Both studies found Aphanes nested between the 669 

'dissected' and 'lobed' clades of Eualchemilla. Our analyses of the nuclear loci supported the 670 

monophyly of 'dissected' and 'lobed' clades, but the monophyly of Eualchemilla had low support 671 

(Fig. 2; Fig. S1). The analysis using only the MO orthologs even weakly supported the 'lobed' 672 
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clade as sister of Aphanes (Fig. 2). In contrast, our plastome analysis recovered a well-supported, 673 

monophyletic Eualchemilla, as well as well-supported 'dissected' and 'lobed' clades. Both nuclear 674 

and plastid analyses strongly supported the clade composed of Aphanes and both clades of 675 

Eualchemilla (Fig. 2; Fig. S4), a relationship that is consistent with previous nuclear and plastid 676 

analyses (Gehrke et al. 2008; 2016; Morales-Briones and Tank 2019). Given the revealed 677 

hybridization in the evolution and early divergence within Alchemilla s.l., the non-monophyly of 678 

Eualchemilla could be explained by ancient gene flow or an allopolyploid origin of the 679 

'dissected' and 'lobed' clades (Fig. 4a,c; see below). Besides the well supported relationship of 680 

Eualchemilla + Aphanes, our nuclear analysis showed high levels of conflict among other major 681 

clades in Alchemilla s.l. (Fig. 2; Fig. S1) which could also be explained by additional ancient 682 

allopolyploid events (Fig. 4; see below). 683 

 684 

Ancient polyploidy in Alchemilla s.l. 685 

Whole-genome duplications are frequent across Rosaceae (Dickinson et al. 2007; Xiang et al. 686 

2017), and allopolyploidy has been suggested as the primary source for the cytonuclear 687 

discordance in Fragariinae (Lundberg et al. 2009; Gehrke et al. 2016; Morales-Briones and Tank 688 

2019). We recovered four nodes in Alchemilla s.l. with a high percentage of gene duplications 689 

(Fig. 3a; Fig. S5). One of the nodes showing a high percentage of gene duplication (18.4%) was 690 

the MRCA of Aphanes and both clades of Eualchemilla (node 3 in Fig. 3a; Fig. S5). This 691 

duplication event agreed with the MRCA of the ancestral lineages inferred with GRAMPA for 692 

the allopolyploid origin of the 'lobed' clade of Eualchemilla (Fig. 4a). Moreover, the GRAMPA 693 

reconciliations after the removal of the 'lobed' clade and Afromilla inferred a scenario where the 694 

'dissected' clade is of allopolyploid origin with one of the parental lineages as sister to Aphanes 695 
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(Fig. 4c). Although there is some uncertainty about the placement of the parental lineage of  696 

'dissected' clade, due to the removal of major clades for the GRAMPA analyses, the cpDNA tree 697 

suggest that it is likely sister to the parental lineage of 8lobed9 clade that is also sister to Aphanes. 698 

Ks plots of all species of the 'dissected' and 'lobed' clades had two peaks that are not shared with 699 

members of Fragariinae (Figs S113S12), suggesting that at least two WGD events have 700 

happened between the stem lineage of Alchemilla s.l. to the crown node of the 8dissected9 and the 701 

8lobed9 clades. The between-species Ks plots between 'dissected' and 'lobed' (Fig. S12), showed 702 

that the split between these two groups is more recent than the WGD events, suggesting a single 703 

origin (or very close in time) of both clades. Still, the sister relationship of the 'dissected' and 704 

'lobed' clades is not supported by nuclear genes, suggesting that the two clades of Eualchemilla 705 

might had independent allopolyploid origins, while sharing the same or a closely related 706 

maternal lineage (cpDNA; Fig. 4f). 707 

The GRAMPA reconciliation, after the removal of the 8lobed9 clade, recovered an 708 

allopolyploid origin of Afromilla (Fig. 4b) with a MRCA of the ancestral lineages at the crown 709 

of the remaining Alchemilla s.l. Similarly, the further removal of both Afromilla and the 710 

8dissected9 clade recovered Lachemilla as allopolyploid, with the MRCA of parental lineages 711 

mapped to the crown of the remaining Alchemilla s.l. (Fig. 4d). In the case of Lachemilla, 712 

because of the removal of major clades for the GRAMPA analyses, there is also no certainty in 713 

the placement of its parental lineages. Still, Afromilla and Lachemilla are sisters in the cpDNA 714 

tree (Fig 1C.), suggesting these two share the same or a closely related maternal lineage (Fig. 4f). 715 

The high percentage of gene duplication (34.4%) placed at the MRCA of the clade composed of 716 

Afromilla, Eualchemilla, and Aphanes (node 2 in Fig. 3a), could be explained in part by the 717 

allopolyploid origin of Afromilla. 718 
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Finally, the node with the highest percentage of duplicated genes (86%) was placed at the 719 

MRCA of Alchemilla s.l. (node 1 in Fig. 3a). The GRAMPA analysis using the MO tree showed 720 

an allopolyploid event for the clade that included Alchemilla s.l., Farinopsis salesoviana, 721 

Sibbaldia, and Sibbaldianthe (Fig. S9). However, an allopolyploid origin of Farinopsis 722 

salesoviana, Sibbaldia, and Sibbaldianthe is not supported by chromosome numbers, orthogroup 723 

gene duplication counts, or Ks plots. All members in Fragariinae, with the exception of 724 

Alchemilla s.l. mainly consists of diploid species and base chromosome number of seven (x = 7), 725 

including Sibbaldia and Sibbaldianthe. On the other hand, Alchemilla s.l. has a base number of 726 

eight (x = 8) and contains mostly species with high ploidy levels (octoploid to 24-ploid), with the 727 

exception of most species of Aphanes (2n=16) and one species of Lachemilla (L. mandoniana, 728 

2n=16). Also, our gene duplication counts show low percentages (1.6%) of gene duplication for 729 

the MRCA of the GRAMPA-inferred allopolyploid clade or the MRCA (3.6%) of the inferred 730 

parental lineages (Fig. 3). Previous phylotranscriptomic analyses of Rosaceae (Xiang et al. 2017) 731 

that included one species each of the 8dissected9 and 'lobed' clades of Eualchemilla, found 732 

33.21% of duplicated genes for the MRCA of these two clades, but did not recover any other 733 

node with elevated gene duplications within Fragariinae. The Ks plots of the four species of 734 

Alchemilla s.l. all showed peaks with similar Ks means, but these peaks were not shared with 735 

species of Sibbaldia and Sibbadianthe (Fig. S11). Furthermore, the between-species Ks plots 736 

showed that the WGD events detected in Alchemilla were more recent than the split with 737 

members of Fragariinae (Fig. S12). Although the chromosome number and Ks data for 738 

Farinopsis salesoviana are not available, all the above evidence suggest an unlikely 739 

allopolyploid origin of the clade consisting of Farinopsis, Sibbaldia, Sibadianthe, and Alchemilla 740 

sl. On the other hand, the GRAMPA reconciliations using the cpDNA tree resulted in an optimal 741 
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multi-labeled tree where Alchemilla s.l. had an autopolyploid origin (Fig. 4e). This scenario is 742 

compatible with the high percentage of gene duplication at the MRCA of Alchemilla s.l. and the 743 

low percentage of gene duplication in the backbone of the rest of Fragariinae. Another 744 

compatible scenario is an allopolyploid origin of Alchemilla s.l. where both parental lineages are 745 

missing or extinct, but this scenario is indistinguishable from autopolyploidy. The atypical high 746 

proportion of gene duplication at the base of Alchemilla s.l. can be explained by the 747 

autopolyploid event at this branch. In addition, given the short branch lengths among major 748 

clades within Alchemilla s.l., gene tree estimation error (e.g., uninformative genes), incomplete 749 

lineage sorting (ILS), allopolyploid events among major clades of Alchemilla s.l., and/or 750 

homoeologous exchanges among subgenomes (Edger et al. 2018; McKain et al. 2018) can all 751 

contribute to additional gene duplication events mapped to the MRCA of Alchemilla s.l. 752 

Although deeply nested in Alchemilla s.l., remarkably, Aphanes showed a significantly 753 

lower number of paralogs than the rest of Alchemilla s.l. (Fig. 3). The relatively low number of 754 

paralogs, its diploid species being mainly diploid, and the best GRAMPA reconciliation resulting 755 

in a singly-labeled tree (Fig. S10), suggesting that Aphanes is a functional diploid clade. One 756 

plausible scenario is that post-polyploid diploidization (reviewed in Mandáková and Lysak 2018) 757 

occurred after the autopolyploidy event at the base of Alchemilla s.l. After diploidization, 758 

Afromilla, Eualchemilla (8lobed9 and 8dissected9 clades), and Lachemilla originated from 759 

allopolyploid events (Fig. 4f). On the other hand, Aphanes seems to descend from a diploidized 760 

ancestor that did not duplicate further. The orthogroup gene duplication mapping showed 761 

Aphanes as part of a clade that had nested high proportions of gene duplication in the orthogroup 762 

mapping (Fig. 3a-b, nodes 233). But this does not necessarily mean that Aphanes should show 763 

the same duplication pattern, or neither does it contradict its diploid condition, as a duplication 764 
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event does not affect or include all descendants of the mapped MRCA in the map tree (e.g., 765 

species trees). 766 

GRAMPA has been shown to be useful to identify multiple polyploidy events in the same 767 

tree (e.g., Thomas et al. 2017; Guo et al. 2020; Koenen et al. 2020), but a tree-based approach 768 

can also be sensitive to gene tree estimation error or ILS (Thomas et al. 2017). Methods to infer 769 

species networks in the presence of ILS (e.g., Solís-Lemus and Ané 2016; Wen et al. 2018) could 770 

also be used to explore the prevalence of ancient hybridization in Alchemilla s.l. Although these 771 

methods are under constant development and improvement, they are still only tractable in simple 772 

scenarios with few reticulation events (Hejase and Liu 2016; Kamneva and Rosenberg 2017). 773 

Similarly, the signal of the D-Statistic (Green et al. 2010; Durand et al. 2011), commonly used to 774 

detect introgression, can be lost or distorted in presence of multiple reticulations (Elworth et al. 775 

2018). Complex reticulate scenarios like Alchemilla s.l. are likely to face these problems and 776 

have phylogenetic network and D-statistic identifiability issues as seen in other groups (e.g., 777 

Morales-Briones et al. 2021). 778 

 779 

Conclusions 780 

In this study, we have shown the utility of target enrichment datasets in combination with 781 

tree-based methods for orthology inference and WGD investigation. Here, we used Alchemilla 782 

s.l. to highlight the importance of processing paralogs, rather than discarding them before 783 

phylogenetic analysis, to shed light on the complex polyploidy histories. We showed evidence 784 

that the entire Alchemilla s.l. is the product of an ancient autopolyploidy event, and that 785 

Afromilla, Eualchemilla (8lobed9 and 8dissected9 clades), and Lachemilla originated from 786 

subsequent and nested ancient allopolyploid events. Our results from analyzing target enrichment 787 
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data corroborated with previously published chromosome numbers and distribution of Ks values 788 

from transcriptomes. Our analyses has several important implications for future target 789 

enrichment projects, including 1) design baits to obtain a relatively large number of loci as this is 790 

required for accurate species tree and networks estimation in complex scenarios (e.g., higher 791 

levels of ILS; Solís-Lemus and Ané 2016; Nute et al. 2018), 2) increase the length of individual 792 

loci to improve the information content of individual gene trees for proper tree-based orthology 793 

inference and identifying gene duplication events, and 3) design baits to minimize lineage-794 

specific and paralog-specific capture efficiency and missing data. Furthermore, in target 795 

enrichment, unlike genome or transcriptome data, only a few hundreds of genes are typically 796 

recovered with levels of missing data that varies by lineage and are non-random. This limits the 797 

utility of target enrichment for generating Ks plots, and creates the need to carefully scrutinize 798 

the variation in percentage of gene duplications among nodes. In the end, even with these 799 

limitations, target enrichment is an overall valuable and cost-effective approach of genomic 800 

subsampling to explore patterns of reticulation and WGD, especially in groups for which whole 801 

genome or transcriptome data are not possible to generate, including from museum/herbarium 802 

specimens. As research continues to deepen in other clades across the Tree of Life using similar 803 

target enrichment methods, we expect that other complex patterns of duplication and reticulation, 804 

as those shown here in Alchemilla s.l. will continue to emerge. 805 

 806 

SUPPLEMENTARY MATERIAL 807 

Data available from the Dryad Digital Repository: http://dx.doi.org/10.5061/.[NNNN] 808 

 809 

 810 
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