Targeted amplicon sequencing of 40 nuclear genes supports a single introduction and rapid radiation of Hawaiian Metrosideros (Myrtaceae)
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Running title: Forty nuclear genes support monophyly of Hawaiian Metrosideros
ABSTRACT
Compared to traditionally used plastid or ribosomal markers, nuclear gene markers provide many advantages for molecular systematics of plants, and high-throughput sequencing technologies are making large nuclear datasets available at an unprecedented rate.  We used targeted amplicon sequencing of 44 nuclear genes to construct a time-calibrated phylogeny of genus Metrosideros (Myrtaceae), evaluate recent systematic revisions, and assess whether phylogenetic signal within the Hawaiian Archipelago is correlated to island biogeography or morphological diversification. We generated a final data set of 40 nuclear genes for 187 specimens, used multiple search heuristics and species-tree analysis to estimate a phylogeny, and incorporated new fossils for the genus to estimate divergence times across the dataset. All analyses supported the monophyly of Metrosideros, including Carpolepis and Tepualia. Hawaiian Metrosideros were monophyletic and dated to 3.1 MYA using new fossils for the genus, which is intermediate to previous estimates based on nuclear ribosomal/chloroplast loci and calibrated with island ages. Within the Hawaiian Metrosideros clade, we observed short branch lengths and unresolved relationships, and phylogenetic patterns were not concordant with biogeographic hypotheses of island progression, or the delineation of taxa or morphotypes. Average nucleotide diversity was relatively consistent across the Hawaiian Islands with the exception of slightly lower diversity on Kauaʻi. These results provide a data-rich estimate of the timing of a single introduction of Metrosideros to Hawai‘i and highlight the need for molecular markers with higher evolutionary rates for resolution of relationships within this recent radiation.
KEY WORDS island biogeography; molecular dating; next-generation sequencing; Pacific Islands; phylogenomics

INTRODUCTION
	Plant molecular systematics has historically been dominated by the use of relatively few plastid (e.g., matK, ndhF, rbcL trnH-psbA, trnL-F) or nuclear ribosomal (e.g., ETS, ITS, 18S, 26S) markers (Hollingsworth et al. 2009; Kress 2017; Olmstead and Palmer 1994; Soltis and Soltis 1998). The utility of universal primers, relatively simple dynamics of inheritance and evolution, and expected orthology have facilitated the wide use of these markers (Kelchner 2000; Olmstead and Palmer 1994; Soltis and Soltis 1998). Nuclear genes, on the other hand, have been less widely adopted in plant molecular systematics, mostly due to the difficulty in isolating and identifying orthologous genes, as well as more complicated evolutionary dynamics (Pillon et al. 2013b; Sang 2002; Small et al. 2004; Zimmer and Wen 2012) and longer coalescence times relative to cytoplasmic genes (Moore 1995; Pillon et al. 2013a). Despite these difficulties, nuclear genes often exhibit faster overall rates of evolution than plastid or ribosomal loci and provide a wealth of unlinked loci for phylogenetic inference (Duarte et al. 2010; Small et al. 2004). When properly characterized, nuclear genes can provide great insight into phylogenetic relationships (Bailey and Doyle 1999; Carstens and Satler 2013; Oh and Potter 2003; Sang 2002; Syring et al. 2005), and provide powerful means to explore introgression, hybridization, and ancient allopolyploidization events (Duarte et al. 2010; Sang 2002; Wendel and Doyle 1998). Additionally, high-throughput sequencing technologies have facilitated monumental leaps in generating nuclear gene data, which is greatly increasing capacity for genomic-scale phylogenetic inference in plants (de Sousa et al. 2014; Duarte et al. 2010; Straub et al. 2012; Uribe-Convers et al. 2016; Weitemier et al. 2014; Zimmer and Wen 2015). 
Metrosideros Banks ex Gaertn. (Myrtaceae) is a medium-sized genus (ca. 60 species) of woody plants comprising trees, shrubs, vines and mat plants that are distributed predominantly across the islands of the Pacific (Govaerts et al. 2008). Recent work by Pillon et al. (2015) based on ITS and five single-copy nuclear genes expanded Metrosideros to include Carpolepis J.W. Dawson, endemic to New Caledonia, and the monotypic Tepualia Griseb. of Chile and Argentina. This broad circumscription of the genus Metrosideros is equivalent to tribe Metrosidereae sensu Wilson (2011), however the basal relationships remain unresolved. Metrosideros belongs to the BKMMST clade (Biffin et al. 2010), which includes the tribes Backhousieae, Kanieae, Metrosidereae, Myrteae, Syzygieae, Tristanieae, and the unplaced genus Cloezia Brongn. & Gris (for various treatments, see Biffin et al. 2010; Wilson 2011), but the relationships within this group are unresolved. Pillon et al. (2015) concluded that resolving phylogenetic relationships within Metrosideros will require a large number of nuclear genes.
	Metrosideros spp. are present on most high islands of the Pacific (except Micronesia), where they are a common component of ridge vegetative communities, and certain early-successional taxa are pioneers on new lava flows on volcanic islands. Of particular interest to biogeographers is determining when and how the genus reached these remote islands, particularly the Hawaiian Islands, which form the most isolated archipelago on Earth. The genus is ubiquitous across the archipelago, where it is one of only four lineages that likely reached the archipelago through air flotation (i.e., wind), the other three being orchids with minute seeds (Price and Wagner 2018). Five endemic species are currently recognized, including Metrosideros waialealae Rock with two varieties and the morphologically diverse Metrosideros polymorpha Gaudich. with eight varieties (Wagner et al. 2005, but see below).
Using nuclear ribosomal ITS, Wright et al. (2000) (Wright et al. 2001)suggested that two dispersal events to the remote islands of Polynesia occurred from New Zealand during the Pleistocene, possibly associated with altered wind currents during periods of maximum glaciation. Using a minimum mutation rate of 1 bp per 1.5 million years based on the distribution of sequences across islands of known age, the authors estimated colonization of Hawaiʻi at < 2 MYA. However, in their parsimony-based analysis, they included only five species from New Zealand and Kermadec Island, all of which are trees, and few clades were supported. Subsequent attempts to date the arrival of Metrosideros to the Hawaiian Islands using ITS and ETS, and 10 noncoding chloroplast DNA (cpDNA) loci, respectively, yielded estimates of 0.5-1.0 MYA based on limited ETS evolution within the archipelago (Wright et al. 2001) and 3.9 (1.4-6.3) MYA based on the ages of volcanic islands (Percy et al. 2008). In both analyses, Metrosideros collina (J.R. Forst. & G. Forst.) A. Gray from the Marquesas Islands was nested within the Hawaiian Metrosideros clade, but both studies concluded that the Marquesas likely served as a stepping stone to the Hawaiian archipelago in part because of the intermediate location of these islands between New Zealand and the Hawaiian Islands (Percy et al. 2008; Wright et al. 2001). The cpDNA-based phylogeny, which included more intensive sampling within Hawaiʻi, suggested a monophyletic origin for Hawaiian Metrosideros (Percy et al. 2008).
Within the Hawaiian Islands, Metrosideros has diversified into a large number of vegetatively distinct, predominantly single-island-endemic forms that are nonrandomly distributed across an exceptionally broad range of environments. Collectively, these forms dominate the Hawaiian Islands’ native mesic and wet forests, occurring in large, continuous communities within each island. Molecular-based attempts to uncover relationships among forms within and among islands have yielded some insights into the evolutionary history of the group. Percy et al. (2008) found that both nucleotide and haplotype diversity at cpDNA loci were greatest on the oldest island of Kauaʻi and with a single exception decreased with island age, and the authors suggested that this pattern may be due to initial colonization of Kauaʻi with a temporal gap prior to the colonization of the younger islands following the biogeographical progression rule (Wagner and Funk 1995). The exception to this trend was the intermediately positioned island of Molokaʻi, which showed surprisingly high haplotype diversity for its age, consistent with colonization from both older and younger islands. More recent observations in the field have revealed a greater diversity of morphotypes within Hawaiian Metrosideros than previously recorded (e.g. Stacy and Sakishima 2019; Sur et al. 2018). An analysis of nuclear microsatellite (SSR) variation across 1,486 individuals of 23 taxa or morphotypes from across the archipelago plus additional populations from other Pacific islands (Stacy and Sakishima 2019) revealed that populations loosely followed the progression rule with Tahitian populations clustering most strongly with those on Kauaʻi and Oʻahu. The population-genetics approach also revealed significant isolation by distance across the 530-km archipelago and greater private allelic richness on Kauaʻi, consistent with limited gene flow across islands, as well as peak genetic diversity on Oʻahu, concordant with peak morphological diversity on that island. Both the cpDNA- and SSR-based studies found a predominant pattern of clustering of populations within islands and multiple colonizations of each of Oʻahu and Hawaiʻi Island, though Stacy and Sakishima (2019) revealed very weak separation between Metrosideros taxa on the younger islands of Molokaʻi and Hawaiʻi and other exceptions to island-based clustering. Collectively, results from both studies may be consistent with colonization of new Hawaiian Islands from older islands by just two hybridizing taxa that are adapted to the conditions on new islands (early- and late-successional Metrosideros polymorpha Gaudich. var. incana (Levl.) Skottsb. and Metrosideros polymorpha var. glaberrima (Levl.) St., respectfully), followed by predominantly within-island diversification and restricted gene flow among islands (Stacy and Sakishima 2019). Lastly, whereas cpDNA haplotypes were not aligned with boundaries among taxa or morphotypes or even pubescent versus glabrous forms (Percy et al. 2008), population-level analyses revealed a broad distribution of strengths of isolation among taxa from weak to strong, including weak but significant differentiation between pubescent and glabrous taxa on two islands (DeBoer and Stacy 2013; Stacy et al. 2014; Stacy and Sakishima 2019).
	Here, we use targeted amplicon sequencing (Bybee et al. 2011; O'Neill et al. 2013) to generate a dataset of 44 nuclear genes for 187 specimens, focusing on 23 taxa (including unnamed morphotypes (“races”) of Hawaiian Metrosideros. We place the Hawaiian taxa in phylogenetic context by including 18 species and varieties from elsewhere (predominantly taxa from Pacific islands) and use this nuclear dataset to construct a fossil-calibrated, dated phylogeny of Metrosideros to address two main questions. First, is Metrosideros strongly supported as monophyletic? If so, what is the sister taxon to Metrosideros? Second, when did Metrosideros colonize the Hawaiian Islands and where did this lineage originate? We then explore fine-scale phylogenetic patterns of this genus across the Hawaiian Islands to address the following questions. First, are phylogenetic patterns consistent with the progression rule, including colonization of new islands by just two widespread varieties of M. polymorpha followed by within-island diversification and limited repeat- and back-colonizations of islands? Second, does nucleotide diversity vary across islands consistent with observed patterns for either cpDNA loci or SSR loci? And third, does the partitioning of nucleotide diversity align with current taxonomic boundaries (including races) or with a split between glabrous and pubescent taxa?

MATERIALS AND METHODS
Specimen sampling 
	We selected 187 specimens, including 163 Metrosideros, 123 of which represented all five Hawaiian species, including the two varieties of M. waialealae and 18 varieties or morphotypes (“races”) of M. polymorpha, as well as species previously included in Carpolepis (Metrosideros laurifolia Brogn. & Gris. from New Caledonia) and Tepualia (Metrosideros stipularis (Hook. & Arn.) Hook.f. from South America), along with Metrosideros angustifolia (L.) Sm. from South Africa. The remaining 24 specimens comprised other Myrtaceae to provide phylogenetic context to Metrosideros and serve as outgroups, including Backhousia Hook. & Harv., Cloezia Brogn. & Gris, Ecualyptus L’Hér., Eugenia L., Melaleuca L., Pimenta Lindl., Psidium L., Purpureostemon Gugerli, Rhodomyrtus (DC.) Rchb., Syzygium R.Br. ex Gaertn., Tristaniopsis Brongn. & Griseb., Xanthomyrtus Diels, and Xanthostemon F.Muell.. Summarized specimen information is provided in Table 1, and detailed information is provided in Online Resource 1.

Sequence data
	We selected 44 low-copy genes for targeted amplicon sequencing (Online Resource 1), expanding on the datasets used by Pillon et al. (2015). Primers were designed as in Pillon et al. (2014), and amplification and sequencing followed Pillon et al. (2015). Briefly, these markers were designed from a Metrosideros transcriptome that was mined for phylogenetically-informative low-copy genes identified by Duarte et al. (2010). Primer sets for these markers were validated on a small test set of specimens of Hawaiian Metrosideros. The amplicons were typically 200-500 bp long and included a single exon or two exons separated by one intron. Forty-eight of the best-performing markers (i.e., most consistent amplification) were selected for amplification using the Fluidigm Access Array (Fluidigm Corporation, South San Francisco, CA) with a 48 x 48 Integrated Fluidic Circuit (IFC) cartridge, following manufacturer’s recommendations. Libraries were generated for four IFCs, and each was sequenced on approximately a quarter lane (although not necessarily at the same time) of an Illumina MiSeq v3, 2x300 bp sequencing run (Illumina, San Diego, CA).

Data processing and filtering
	We used default parameters and options for all data processing and analysis steps unless otherwise mentioned. Raw sequencing files were de-multiplexed by specimen and converted to FASTQ using the FASTQ generation analysis v1.0.0 in BaseSpace (Illumina, San Diego, CA). We removed Illumina adapters using Cutadapt (Martin 2011), merged paired-end reads with FLASh (Magoc and Salzberg 2011), and used Cutadapt again to demultiplex merged reads by locus using the primer sequences with a minimum overlap (-O) of 10 bp. On a per-gene basis, we calculated read depth of each unique sequence per individual and removed any sequence with <20 reads as well as any containing Ns. From these filtered sequences, we created a concatenated multi-FASTA file for each gene, including potentially multiple sequences per individual, and aligned these sequences using the L-INS-I algorithm in MAFFT 7.182 (Katoh and Standley 2013). We then assessed the quality of these alignments by eye using AliView v1.18 (Larsson 2014) and manually removed sequences that were obviously off-target (e.g. completely different sequence composition or long strings of missing data in a single sequence that caused blocks of gaps in the alignment). While obviously subjective, this manual filtering effectively removed outlier sequences that were likely caused by PCR error or off-target amplification. Additionally, we evaluated the unique sequences present per specimen and their corresponding read depth and identified four genes that were likely not single-copy (highly variable sequences with high depth per individual that were found in many individuals); these were removed from further analyses. We then generated a consensus sequence per individual per gene with heterozygous positions represented by IUPAC ambiguity codes (i.e. non-phased sequence data). From these 40 filtered gene alignments, we created final individual gene alignments and a concatenated dataset and removed individuals with poor coverage from each dataset. We removed any individuals with >75% missing data (i.e. <10 genes resolved out of 40), calculated alignment-specific statistics using Alignment Assessment v2 (Portik et al. 2016), and used the Pegas library v0.11 (Paradis 2010) in R v3.4.4 (R Core Team 2018) to calculate nucleotide diversity (Nei 1987) with 10,000 bootstrap replicates (with subsampling replacement) to measure standard error.

Phylogenetic analyses
	We used a combination of phylogenetic approaches for the concatenated multiple sequence alignment. We conducted maximum likelihood (ML) tree searches using IQ-Tree v1.6.7 (Nguyen et al. 2015). The analyses were partitioned by gene, allowing each partition to have its own evolutionary rate (option -spp), and we used IQ-Tree’s ModelFinder (Kalyaanamoorthy et al. 2017) to determine the best-fit substitution model for each partition and to merge partitions with the same best model (option –m MFP+MERGE). We assessed node support with 10,000 replicates each of ultrafast bootstrapping (ufBS, Hoang et al. 2018a) and the Shimodaira-Hasegawa approximate likelihood-ratio test (SH-aLRT, Guindon et al. 2010), and resampling for the ufBS was conducted within partitions. Maximum Parsimony (MP) tree searches were conducted in MPBoot (Hoang et al. 2018b) using 10,000 replicates of ufBS to assess node support. 
We then used ASTRAL-III v5.6.2 (Zhang et al. 2018) to estimate a species tree from individual gene trees under the multi-species coalescent model, which has been shown to be effective when there are high levels of incomplete lineage sorting (Chou et al. 2015). We used consensus trees from IQ-Tree (generated as above, but with no partition information) as input gene trees, did not force individuals of the same species to be together in the species tree, and assessed support using local posterior probability (locPP, Sayyari and Mirarab 2016) as implemented in ASTRAL-III. Phylogenies were visualized using FigTree v1.4.4 (Rambaut and Drummond 2010).

Divergence time estimation
We used BEAST v2.5.1 (Bouckaert et al. 2014) to co-estimate divergence times and relationships in a Bayesian framework. We used partitions identified by IQ-Tree’s ModelFinder, applied a birth-death process for the branching process prior, and used a separate relaxed lognormal distribution clock model for each partition (Drummond et al. 2006). We used several fossils to calibrate the molecular clock, and predominantly followed Thornhill et al. (2015) to select these fossils. We used Myrtaceidites mesonesu Cookson & Pike to calibrate all genera except Xanthostemon (Couper 1960) (calibration #1), Eucalyptus fruits to calibrate all genera except Xanthostemon and Szyzgium (Gandolfo et al. 2011) (calibration #2, see below), Paleomyrtinaea princetonensis Stockey & Maxwell to calibrate Myrteae (Pigg et al. 1993) (calibration #3), and Myrtaceidites verrucosus Partridge to calibrate Psidium + Pimenta + Eugenia (Graham 1985; Romero and Zamaloa 1985) (calibration #4). We used the prior exponential distributions of Thornhill et al. (2015) for these calibrations: means = 1.03, 1.844, 4.066, and 3.09, and offsets = 61.7, 51.2, 50, and 37.2, respectively. Several new fossil Metrosideros have been documented recently (Tarran et al. 2016; Tarran et al. 2017) that increase the minimum age of this genus from the Miocene (Pole et al. 2008) to the Oligocene-Eocene (30-40 MYA) (Tarran et al. 2016). Again, we preferred to be conservative with these dating priors, so we applied a normally distributed calibration to the Metrosideros clade with a mean = 30 and sigma = 10; this established a 95% confidence interval for this calibration from 13.6 to 46.4 MYA, thus broadly encompassing all fossil data for the genus (calibration #5). As proposed by Pillon et al. (2015), previous analyses generally placed Carpolepis and Tepualia within Metrosideros; to avoid conflicting topologies across analyses, we included these genera in this calibration clade. We ran four independent BEAST analyses, each with 100-million Markov Chain Monte Carlo replicates that were sampled every 10,000 generations. Convergence (effective sample sizes > 200) was assessed using TRACER v1.7.1, and independent analyses were combined with LOGCOMBINER, where we discarded the first 25% of generations as burn-in. We used TREEANNOTATOR to generate a maximum clade credibility tree with median ages and 95% credibility intervals (CI) for all nodes. We used FigTree v1.4.4 (Rambaut and Drummond 2010) to visualize trees. 

RESULTS
	Combining all sequencing results yielded 11.13 million reads, including 2.43 million reads successfully demultiplexed by both locus and individual. After removing sequences with Ns and those with a read depth <20 on a per individual+locus basis, we used the remaining 2.38 million reads to call the raw consensus sequences (average per gene = 54,243 reads, average per individual = 14,916 reads). From our initial 187 individuals and 44 genes, 23 individuals failed outright (no gene recovery) likely due to poor or variable quality DNA input and errors in sample handling and preparation. After removing the four genes that were likely not single copy within the study lineage, and an additional 14 individuals with >75% missing data (i.e., missing genes), the resulting concatenated alignment comprised 151 individuals and 12,702 bp (40 genes). Fifty-one individuals had 100% recovery of genes, and the average number of genes recovered per individual was 32.3 (minimum = 10, maximum = 40). There was an average of 122.8 individuals per gene (minimum = 62, maximum = 151), average gene length was 317.5 bp (minimum = 203, maximum = 509), and average percentage of variable sites was 12.2% (minimum = 7%, maximum = 25.7%). Alignment and partition information are provided in Online Resource 2 and Online Resource 3, respectively.
We assessed phylogenetic relationships in this dataset with three alternative search heuristics, partitioned ML analysis, non-partitioned MP, and gene-tree species-tree analysis using ASTRAL-III. The inferred phylogenies from these approaches were virtually identical when branches lacking strong node support were collapsed. Following the authors’ recommendations for each approach, we considered a node to have strong support with support values of >0.95 ufBS for MP, >0.8/0.95 SH-aLRT/ufBS for ML, and >0.95 locPP for ASTRAL-III. We present the ML consensus tree, with support values from all analyses, in Fig. 1, and all trees are provided in Online Resources 4. Overall, we find strong support for the monophyly of most of the BKMMST clade, represented here by Backhousia (tribe Backhousieae), Tristaniopsis (Kanieae), Metrosideros (Metrosidereae), Eugenia, Pimenta, Psidium, Rhodomyrtus (Myrteae), Xanthomyrtus (Tristanieae), and Clozeia (unplaced to tribe). However, Syzygium (Syzygieae) was placed outside of this clade and sister to the other taxa in our tree, although the node support in the basal part of the tree was poor. In fact, we found no strong support for any of the deeper relationships between tribes and genera, except for the monophyly of tribe Myrteae. Xanthomyrtus was resolved as sister to the clade of Cloezia and Metrosideros. Cloezia was strongly supported as monophyletic and was recovered as sister to Metrosideros with almost significant node support in ML (90.8/94 SH-aLRT/ufBS), but much lower support in other analyses (0.51 ufBS in MP, 0.48 locPP in ASTRAL-III). ASTRAL-III recovered more nodes at this intergeneric level of the phylogeny with high support (Fig. 1, inset), but many of the relationships were still unsupported. ASTRAL-III input provided in Online Resource 5, and gene trees provided in Online Resources 6 and 7. 
In the ingroup, all analyses strongly supported the monophyly of Metrosideros including M. laurifolia (previously Carpolepis laurifolia) and M. stipularis (previously Tepualia stipularis) (Fig. 1). Metrosideros laurifolia tended to fall as sister to other Metrosideros, although without strong support. Metrosideros stipularis and M. angustifolia from South Africa were well supported sister taxa in both ML and MP. Within Metrosideros, we consistently observed some finer grouping of species but many of the interspecific relationships were not well supported. Metrosideros colensoi Hook.f. + Metrosideros diffusa Sol. Ex Gaertn. were strongly resolved as sister taxa and sister to Metrosideros fulgens Sol. Ex Gaertn., at least in the ML analysis. Metrosideros boninensis (Hayata ex Koidz) Tuyama (Japan) was resolved as sister to Metrosideros tetrasticha Guillaumin (New Caledonia), and these in turn were sister to Metrosideros nervulosa C.Moore & F.Muell. (Lord Howe Island). The large New Zealand tree species Metrosideros excelsa Sol. Ex Gaertn. and Metrosideros robusta A.Cunn. also formed a clade. Metrosideros collina s.l. formed two well-supported clades, M. collina s.s. (J.R.Forst & G.Forst.) A.Gray and M. vitiensis (A.Gray) Pillon, with the latter also being resolved as two strongly supported, geographic clades. Hawaiian Metrosideros spp. formed a well-supported monophyletic group in all analyses except for ASTRAL-III, and was sister to M. collina s.s.. Throughout the clade of Hawaiian Metrosideros, branch lengths were very short. Except for one well supported clade in ML and MP that roughly separated the Hawaiian sampling in half, only a few small clades were well supported and only in ML analysis. There was no apparent phylogenetic structure associated with islands, species or subspecific taxa within the Hawaiian clade, nor was there a division between glabrous and pubescent taxa. Average gene diversity within each island ranged from 0.00125 in Kauaʻi to 0.00262 in Molokaʻi (Table 2).
Using fossil calibrations for five positions on this phylogeny, we estimated divergence times of the partitioned dataset and overall found ages that were similar to those obtained in previous studies (Berger et al. 2016; Thornhill et al. 2015). The overall crown age of our tree was estimated in the Paleocene to the late Cretaceous (72.8 MYA), while the crown age of Metrosideros fell in the Oligocene to early Miocene (29.9 MYA) (Fig. 2). Lastly, the Hawaiian Metrosideros clade had an estimated crown age in the Pliocene (3.1 MYA) (Fig. 2). BEAST input provided in Online Resource 8.

DISCUSSION
Broad phylogenetic patterns
	Using 40 nuclear markers, we find support for a monophyletic BKMMST clade with the exception of Syzygium, although node support for its placement was poor (Fig. 1). Given the low node support in the basal part of the tree, the unexpected placement of Syzygium (represented by a single accession) could be an artifact of poor taxon sampling, particularly in comparison to Biffin et al. (2010) and Thornhill et al. (2015), who sampled Syzygieae more comprehensively. Inadequate rooting might also explain the unexpected placement of Syzygium, considering that we did not include any non-Myrtaceae outgroup taxa and only 12 loci were successfully sequenced for Xanthostemon. The conflict among studies over the placement of Syzygium relative to the other tribes could be real considering that our study relies entirely on nuclear genes, while previous Myrtaceae phylogenetic studies relied heavily on plastid loci (Berger et al. 2016; Biffin et al. 2010; Thornhill et al. 2015; Vasconcelos et al. 2017). Incongruence among plastid, mitochondrial, and nuclear genomes has been recently reported at a deep phylogenetic level (Sun et al. 2015). In the current study, the relationships between the tribes of the BKMMST clade were weakly supported, however, the New Caledonia-endemic genus Cloezia (unplaced to tribe) was strongly supported as monophyletic and sister to a strongly supported monophyletic Metrosideros rather than to tribe Kanieae as was observed by Biffin et al. (2010). Future work combining comprehensive sampling of both taxa and the genome (i.e. phylogenomic approaches) will undoubtedly provide greater resolution of intertribal relationships within the Myrtaceae.
We find support for the inclusion of Carpolepis (New Caledonia) and Tepualia (South America) within Metrosideros, as proposed by Pillon et al. (2015), although our sampling did not include some of the most divergent species within these lineages, including those from subsection Crassinervis from New Caledonia, New Guinea, New Zealand, the Solomon Islands, and the Philippines. The New Zealand Metrosideros taxa were resolved in multiple clades, indicating that this diverse group of species is clearly not monophyletic and has colonized New Zealand multiple times (and refuting the hypothesis of Wright et al. (2000) and Wright et al. (2001)). Interestingly, within New Zealand, we observed close relationships between species of similar habit (e.g. three of the vine species, M. diffusa, M. colensoi, and M. fulgens, and the two large tree species, M. robusta and M. excelsa). Two distinct clades are recovered in the paraphyletic M. collina s.l., one from French Polynesia (Marquesas, Tahiti) from where the species was described, and one from Fiji, Samoa, Vanuatu, which is now recognized as M. vitiensis (Pillon et al. 2015). Although our sampling of M. collina in French Polynesia is limited and does not include specimens from the Austral Islands, we recovered the group as monophyletic. This result does not support the hypothesis of a dispersal from Hawaiʻi to the Marquesas, a possibility suggested previously (Percy et al. 2008). Instead, the resulting tree topology is consistent with French Polynesia serving as a stepping stone between the Western Pacific and the Hawaiian Islands for Metrosideros (Percy et al. 2008; Wright et al. 2000; Wright et al. 2001). Our data do not distinguish between the islands of French Polynesia, however, so we are unable to pinpoint their last stop before crossing the equator. Furthermore, the close relationships between M. excelsa/M. robusta (New Zealand) and species in eastern Melanesia/Polynesia/Hawaiʻi may suggest a New Zealand origin for the latter lineages, consistent with the conclusions of Wright et al. (2000) and Wright et al. (2001). Metrosideros vitiensis was resolved into two strongly supported distinct clades, which could represent two different species, although morphological variation in this species is relatively limited (Pillon 2018). Within the Hawaiian Islands, we found no phylogenetic resolution among islands, taxa, or leaf types (glabrous vs. pubescent) consistent with recent diversification of, and hybridization among, taxa. Weak resolution at phylogenetically useful loci despite remarkable morphological diversification among taxa is common among Hawaii’s young plant lineages (e.g. Tetramolopium: Lowrey et al. (2001), Pittosporum: Gemmill et al. (2002), Psychotria: Nepokroeff et al. (2003) and Stallman et al. (2019)).

Dating Hawaiian Metrosideros
	Here, we provide the most data-rich estimate of the timing of Metrosideros colonization of the Hawaiian Islands, based on fossil calibration including new discoveries of Metrosideros fossils in Tasmania (Tarran et al. 2016; Tarran et al. 2017). Using minimum mutation rates of ribosomal markers, Wright et al. (2000) and Wright et al. (2001) estimated an age of <2 and 0.5-1 MYA, respectively, for this colonization. Percy et al. (2008) presented an older estimate (2.4-3.9 MYA) based on cpDNA markers and island ages with wide confidence intervals (1.4-6.3 MYA). Our estimate supports the older estimates of Percy et al. (2008), but narrows the range of this estimate substantially. Unlike Percy et al. (2008), we did not find any phylogenetic structure corresponding to island progression, so cannot make iterative estimates of island colonization times within the archipelago. However, the presence of both Kauaʻi (5.1 MYA) and Oʻahu roughly 3 MYA (Clague et al. 2009; Price and Clague 2002) suggests that multiple islands were available for colonization when Metrosideros arrived. Given the exceptional dispersability of Metrosideros seeds (Drake 1992), spread to the second island was likely rapid following establishment on the first. Such a scenario may help to explain the high variation observed on these islands relative to that on the younger islands in terms of cpDNA haplotype diversity (Kauaʻi) (Percy et al. 2008), morphology (Oʻahu) (Sur et al. 2018), and nuclear microsatellites (Oʻahu) (Stacy and Sakishima 2019). However, these observations conflict with observation in the present study of slightly lower nucleotide diversity on Kauaʻi relative to all other islands. Kauai’s lower diversity at low-copy nuclear genes may stem from a lower number of taxa/morphotypes sampled from this island compared to other islands (Table 2), but Maui also had relatively few taxa sampled and did not have reduced diversity, supporting the trend of higher genetic diversity on the intermediate-aged Hawaiian Islands (Gillespie and Baldwin 2010; Stacy and Sakishima 2019). If colonization of Kauaʻi and Oʻahu was near simultaneous, the disparate pattern of diversity at these markers on these islands may be associated with the contrasting environmental conditions around the time of colonization (post-shield-building phase on Kauaʻi vs. shield-building phase on Oʻahu); i.e. Kauai’s relatively higher chloroplastic diversity and isolation by distance may reflect slower evolution of these markers and a longer history of Metrosideros on a highly dissected landscape there (somewhat limiting seed dispersal). 
Within the Hawaiian Islands, we did not find any phylogenetic patterns consistent with the progression rule (Wagner and Funk 1995), or any indication of repeat- or back-colonizations of islands (Bess et al. 2014). Further, within each of the two widespread varieties of M. polymorpha there was no pattern of clustering across islands consistent with initial island colonization by these taxa. Although nuclear markers are generally faster-evolving than chloroplast or ribosomal markers, perhaps they are still too slow to reflect the rapid diversification of this group (e.g. Pillon et al. 2013a). Additionally, it is important to note that hybridization between species/varieties of Metrosideros is common (e.g. Corn and Hiesey 1973; Gardner et al. 2004; Stacy et al. 2016), so any signature of multiple introductions to individual islands may be lost due to hybridization (Johnson et al. 2019). The wind dispersal of Metrosideros seeds likely exacerbates the homogenizing effect of hybridization predominantly within islands (Stacy and Sakishima 2019), again speaking to the need for even faster-evolving molecular markers and population genetic analyses (discussed below).

Hawaiian Metrosideros diversity
	Using reduced specimen sampling and just five of the 40 nuclear markers reported here, Pillon et al. (2015) suggested that a large number of genes would be necessary to resolve the phylogenetic relationships within Metrosideros. Given our results based on 40 nuclear markers and extensive specimen sampling across the Hawaiian Islands, however, it is clear that adding more genes derived from the same approach will not resolve the relationships in this group. Within the archipelago, we observed no well-supported phylogenetic structure concordant with taxonomic or morphotype boundaries, island of origin, or any other axes of variation (e.g. glabrous vs. pubescent leaves). Observation of genetic differentiation across islands (Percy et al. 2008) and taxa (Stacy and Sakishima 2019) through other approaches suggests that these low-copy nuclear markers apparently lack the resolution needed for fine-scale population-level analysis. The utility of these low-copy markers at broad phylogenetic scales (Duarte et al. 2010) may inherently limit their utility at finer phylogenetic scales; testing this idea is beyond the scope of this study, however, other studies have shown the utility of bioinformatically selecting loci that are informative for the particular group in question (e.g. Dupuis et al. 2018). Additionally, given the success of microsatellite-based analyses of fine-scale genetic structure in Metrosideros (DeBoer and Stacy 2013; Stacy et al. 2014; Stacy and Sakishima 2019), and the high resolution of population genomic approaches in general (Restriction-site Associated DNA sequencing, RADseq, e.g., Andrews et al. 2016), future work in this group using genome-wide SNPs is promising.

CONCLUSIONS
	We used targeted amplicon sequencing to generate a large nuclear dataset for Metrosideros, focusing on the Hawaiian Islands. We found strong support for the inclusion of Carpolepis and Tepualia in Metrosideros, supporting previous studies. Hawaiian Metrosideros formed a strongly supported monophyletic group, and using recently discovered Metrosideros fossils, we dated the colonization of the Hawaiian archipelago to ~3.1 MYA, which is intermediate to previous estimates. The Hawaiian clade was sister to M. collina from French Polynesia. In turn these shared a common ancestor with taxa from Fiji, Vanuatu, and Samoa, indicating a westerly migration across the Pacific. Within the monophyletic Hawaiian clade, however, we found no phylogenetic pattern associated with islands or taxonomic units, and no signatures of progressive colonization of the islands or repeat or back-colonizations of individual islands. Given the recent findings of genetic differentiation within Hawaiian Metrosideros based on microsatellite markers, it is clear that very fast-evolving markers are required to investigate relationships in this group. Our estimate of Metrosideros’ arrival in the Hawaiian Islands at 3.1 MYA suggests that evolution of the group’s exceptional phenotypic diversity has been rapid.
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Table 1. Summarized specimen information, including sample size (N). For Hawaiian Metrosideros, General distribution also contains occurrence and general ecology/habitat characteristics, followed by whether the taxon has glabrous or pubescent leaves. For detailed individual information, see Appendix S1. 

	Genus
	Species epithet
	N
	General distribution

	Metrosideros
	macropus
	6
	Oʻahu; montane; glabrous

	Metrosideros
	polymorpha race B1
	2
	Oʻahu; Koʻolau backbone, cloud forest; glabrous

	Metrosideros
	polymorpha race C1
	2
	Oʻahu; montane; pubescent

	Metrosideros
	polymorpha var. dieterii
	4
	Kauaʻi; ridge; glabrous

	Metrosideros
	polymorpha race F1
	6
	Oʻahu; montane, cloud forest; pubescent

	Metrosideros
	polymorpha var. glaberrima2
	34
	Hawaiʻi, Kauaʻi, Maui, Molokaʻi, Oʻahu; wet forest, bog; glabrous

	Metrosideros
	polymorpha var. incana2
	17
	Hawaiʻi, Maui, Molokaʻi, Oʻahu; new lava flows, dry, low elevation; pubescent

	Metrosideros
	polymorpha race L1
	4
	Oʻahu; montane; glabrous

	Metrosideros
	polymorpha var. macrophylla
	3
	Hawaiʻi; wet forest; glabrous

	Metrosideros
	polymorpha race MB1
	1
	Molokaʻi; montane; glabrous

	Metrosideros
	polymorpha race MM1
	2
	Molokaʻi; ridge; glabrous

	Metrosideros
	polymorpha var. newellii
	4
	Hawaiʻi; riparian; glabrous

	Metrosideros
	polymorpha var. nuda
	1
	Hawaiʻi; subalpine; glabrous

	Metrosideros
	polymorpha var. polymorpha
	7
	Hawaiʻi, Maui, Molokaʻi; subalpine; pubescent

	Metrosideros
	polymorpha var. prostrata
	4
	Oʻahu; extreme wind; pubescent

	Metrosideros
	polymorpha var. pumila
	5
	Kauaʻi, Molokaʻi, Oʻahu; bog; glabrous and pubescent

	Metrosideros
	polymorpha race S1
	2
	Oʻahu; Kaʻala Bog; glabrous

	Metrosideros
	polymorpha race SM1
	2
	Kauaʻi; wet forest; glabrous

	Metrosideros
	polymorpha race Z1
	2
	Oʻahu; montane, cloud forest; glabrous

	Metrosideros
	rugosa
	5
	Oʻahu, Koʻolau backbone, cloud forest; pubescent

	Metrosideros
	tremuloides
	5
	Oʻahu; steep windward slopes; glabrous

	Metrosideros
	waialealae var. fauriei
	3
	Molokaʻi; ridge; glabrous

	Metrosideros
	waialealae var. waialealae
	4
	Kauaʻi; riparian; glabrous

	Metrosideros
	Angustifolia
	1
	South Africa

	Metrosideros
	bartlettii
	1
	New Zealand

	Metrosideros
	boninensis
	1
	Japan

	Metrosideros
	bacuminum
	1
	New Caledonia

	Metrosideros
	carminea
	2
	New Zealand

	Metrosideros
	colensoi
	1
	New Zealand

	Metrosideros
	collina s.s.
	5
	Marquesas, Tahiti

	Metrosideros
	cordata
	1
	New Guinea

	Metrosideros
	diffusa
	1
	New Zealand

	Metrosideros
	excelsa
	4
	New Zealand

	Metrosideros
	fulgens
	1
	New Zealand

	Metrosideros
	nervulosa
	1
	Lord Howe Island

	Metrosideros
	nitida
	1
	New Caledonia

	Metrosideros
	operculata var. francii
	2
	New Caledonia

	Metrosideros
	operculata var. operculata
	1
	New Caledonia

	Metrosideros
	perforata
	2
	New Zealand

	Metrosideros
	robusta
	1
	New Zealand

	Metrosideros
	tetrasticha
	1
	New Caledonia

	Metrosideros
	vitiensis
	8
	Fiji, Vanuatu, Tutuila island

	Metrosideros (Carpolepis)
	laurifolia
	2
	New Caledonia

	Metrosideros (Tepualia)
	stipularis
	2
	South America

	Backhousia
	hughesii
	1
	Australia

	Cloezia
	aquarum
	1
	New Caledonia

	Cloezia
	artensis
	2
	New Caledonia vars. artensis, riparia

	Cloezia
	buxifolia
	1
	New Caledonia

	Eucalyptus
	deglupta
	1
	Pacific

	Eugenia
	uniflora
	1
	South America

	Melaleuca
	quinquenervia
	1
	Australasia

	Pimenta
	dioica
	1
	Central America/Caribbean

	Psidium
	cattleianum
	2
	Brazil

	Psidium
	guajava
	1
	South/Central America

	Purpureostemon
	ciliatus
	1
	New Caledonia

	Rhodomyrtus
	tomentosa
	1
	SE Asia

	Syzygium
	malaccense
	2
	Asia/South Pacific

	Syzygium
	sandwicense
	1
	Hawaii

	Tristaniopsis
	calobuxus
	1
	New Caledonia

	Tristaniopsis
	glauca
	1
	New Caledonia

	Tristaniopsis
	reticulata
	1
	New Caledonia

	Xanthomyrtus
	cf. compacta
	1
	Indonesia

	Xanthostemon
	chrysanthus
	1
	Australia



1Taxa named with single- or double-letter codes are morphotypes not formally described in Dawson and Stemmermann (1990).
2These two varieties of M. polymorpha occur on all islands (var. glaberrima) or all islands except Kauaʻi (var. incana) and are purported by Stacy and Sakishima (2019) to be the principal colonizers of new islands and the progenitors of island-endemic Metrosideros taxa within the Hawaiian Islands.



Table 2. Gene diversity (div. and standard error, SE) and sampling per Hawaiian Island; N is the number of adults genotyped, and “taxa” refer to described taxa and morphotypes. Island codes: HA: Hawaiʻi, MA: Maui, MO: Molokaʻi, OA: Oʻahu, and KA: Kauaʻi.

	Island
	Div.
	SE
	N
	No. taxa

	HA
	0.00245
	0.00058
	28
	7

	MA
	0.00235
	0.00117
	7
	2

	MO
	0.00262
	0.00070
	18
	6

	OA
	0.00254
	0.00044
	44
	11

	KA
	0.00125
	0.00100
	30
	3






Fig. 1. Maximum likelihood consensus tree with summarized support values from all analyses. Shapes on nodes indicate “good node support,” numbered circles correspond to calibration points used in estimation of divergence times. Inset (“ASTRAL-III alternate basal topology”) shows basal portion of ASTRAL-III consensus tree, where the placement of Xanthomyrtus was the only well-supported difference between alternative heuristics. Taxon labels include species identification and collection locality/DNA identifier in square brackets; for Hawaiian Metrosideros, “G” or “P” before collection locality refers to glabrous or pubescent leaves. Tribal classifications are provided after collection locality/DNA identifiers in taxon names, except for Myrteae and Metrosidereae which are labeled at their crown nodes, and the genus Cloezia where tribal classification is uncertain. Tribe names with asterisks belong to the BKMMST clade.
[image: ]


Fig. 2. Maximum clade credibility tree obtained from BEAST. Ages shown as median divergence time estimates with 95% credibility intervals (blue bars). Numbered circles correspond to calibration points used in estimation of divergence times.
[bookmark: _GoBack][image: ]
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