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The origin of octoploid strawberry has been the focus of several data and comparative genomic analyses of a chromosome-scale
phylogenetic studies over the past decade (for example, refs. '*). Our  F iinumae genome support our previous model for the origin of
previous study, using the octoploid genome and transcriptomes of  octoploid strawberry*.

every extant diploid Fragaria species, provided support for four spe- Liston et al.” raised a concern regarding one of the steps in the
cies (Fragaria vesca, Fragaria iinumae, Fragaria viridis and Fragaria  phylogenetic analysis of the subgenome tree-searching algorithm
nipponica) as the closest extant relatives of the diploids that contrib-  (PhyDS) tool we developed to identify extant relatives of diploid pro-
uted to the origin of octoploid strawberry’. In a response paper’,  genitors of allopolyploids. Specifically, they argue that we may have
Liston et al. stated “that only two extand diploids were progenitors”  incorrectly identified E viridis and E nipponica as extant relatives
with one subgenome being contributed by E vesca and three by  because in-paralogs were excluded from our previous phylogenetic
E iinumae-like ancestors. Our reanalysis of the transcriptome analysis’. Our reanalysis of the data using PhyDS, now including
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Fig. 1| Phylogenetic analyses. a, Number of genes from species identified as being sister to a homoeolog from the octoploid genome, by using PhyDS with
bootstrap support value (BSV) cutoffs. Based on previous results*. b, Reanalysis of the data, including in-paralogs and BSV,, cutoff, identified the same
progenitor species. The prevalence and biased patterns of homoeologous exchanges between subgenomes resulted in the dominant . vesca subgenome
replacing a greater number of corresponding regions in each of the recessive subgenomes®. Thus, a greater number of genes from the dominant F. vesca
subgenome were identified, with the F. iinumae-like subgenome being second.
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Fig. 2 | Divergence of K, rates among subgenomes. a, Synonymous substitution divergence for all syntenic genes between the F. iinumae and
Fragaria x ananassa genomes*. The median K divergence values for the seven chromosomes previously assigned to each progenitor species are plotted.
The F. iinumae and F. vesca subgenomes exhibit the lowest and highest K divergence, respectively. b-d, K, analysis of F. iinumae (b), F. viridis (¢) and F.
nipponica (d) transcriptomes against the phylogenetically supported homoeolog in the octoploid genome. The K, distributions of F. viridis and F. nipponica

transcriptomes are both unique and distinct from that of F. iinumae.

in-paralogs, yielded results consistent with those presented in
our previous study (Fig. 1; Supplementary Information and
Supplementary Dataset 1). Furthermore, their alternative model for
the origin of octoploid strawberry (1X E vesca-like and 3X F iinu-
mae-like subgenomes) is not supported by comparative genomic
analyses of a new chromosome-scale F. iinumae genome (Fig. 2).
Phylogenetic analysis of the subgenome tree-searching algo-
rithm searched a set of gene trees to identify sequences most closely
related to a set of user-provided paralogs (or homoeologs in poly-
ploids). Homoeologs are orthologous genes that were brought back
into the same nucleus by allopolyploidization®. For our analyses, we
used syntenic (that is, positionally conserved) homoeologs that were
present on all subgenomes in octoploid strawberry. Gene trees were

6

estimated using RAXML’ based on orthologs identified using estab-
lished orthogrouping approaches® applied to de novo assembled
transcriptomes for each diploid Fragaria species*. PhyDS performs
a relatively simple and straightforward analysis of gene trees. First, it
identifies the user-provided paralog present in a gene tree and then
moves to the direct ancestral node of the paralog. Second, PhyDS
then returns to the user the direct descendants (that is, sequence
identities including the paralog) of that ancestral node with its boot-
strap support value (Fig. 1).

We have two major concerns regarding the methods used in
refs. 2°. First, phylogenetic analyses aimed at estimation of species
relationships are reliant first on correct identification of orthologs’.
These authors used a sequence similarity-based approach to identify
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putative orthologs that has relatively high error rates'. Furthermore,
pangenome studies have shown that up to one-half of gene content
exhibits presence—absence variation at the species level in plants''.
In other words, many genes are individual- or population-specific.
Thus, many of the putative ortholog predictions in their studies may
be inaccurate. Second, Liston et al.” performed analyses of 100-kb
windows across each of the seven base chromosomes. This could
be problematic because chromosomal regions from one paren-
tal species can be replaced with chromosomal regions from the
other parental species during meiosis in polyploids (referred to as
homoeologous exchanges'?). Homoeologous exchanges can range
in size from large megabase-sized regions to single genes (see a
recent review on its impact on subgenome assignment in ref. **). We
identifed extensive homoeologous exchanges throughout the octo-
ploid strawberry genome’. Thus, the 100-kb windows Liston et al.
used consist of genes with different evolutionary histories reflecting
each of the different progenitor species. This could result in inac-
curate estimates of species relationships.

Here we present a chromosome-scale genome of E iinumae
with a scaffold minimum scaffold length needed to cover 50% of
the genome of 33.98Mb and 23,665 protein-coding genes (see
Supplementary Information). This genome was used to calculate
the synonymous substitution (K,) divergence between F iinumae to
each of the four subgenomes (Fig. 2a). This revealed that only one
of the subgenomes of octoploid strawberry is E iinumae-like, which
does not support the model presented by Liston et al.” that the ori-
gin of octoploid strawberry involved three F. iinumae-like and one
F. vesca-like progenitor species. Instead, these results are consistent
with our phylogenetic estimates supporting more than two diploid
progenitors (Fig. 2b-d). The E viridis (Fig. 2c) and E nipponica
(Fig. 2d) subgenomes are not F. iinumae-like.

Our new phylogenetic analyses support four distinct progenitor
species, which is consistent with our previous results* and that of
other groups’. The conflicting results obtained by Liston et al.” are
probably due to differences in methodology. As pointed out above,
establishing gene orthology is crucial for molecular phylogenetics.
Our pipeline started by identifying high-confidence syntenic 1:1
homoeologs present on each of the subgenomes. This step alone
filtered out 82.1% of genes from the octoploid strawberry genome®.
The number of genes analyzed in our study was further reduced due
to absence across transcriptome data, stringent orthogroup filter-
ing and bootstrap value filtering. In short, more data are not always
better if one introduces ‘phylogenetic noise. It is unclear to us how
Liston et al.” obtained high unique mapping rates (~89% alignment)
across the F. vesca genome, which consists of ~31% transposable ele-
ments and hundreds of duplicate genes. Furthermore, many genes
are species-specific based on previous pangenome studies.

As pointed out by Liston et al.’, incomplete lineage sorting can
impact phylogenetic inferences. However, that is far more likely
to impact within-species than between-species estimates. This is
exactly what was observed in our study. Other E vesca subspecies
were identified as contributors but were present at notably lower
levels than F viridis and F nipponica (Fig. 1a). These patterns pro-
vide further support for F viridis and E nipponica as extant relatives
of the progenitors that contributed to the origin of the interme-
diate hexaploid ancestor. Lastly, we did state that F moschata
may be an extant relative of the intermediate hexaploid ancestor.
Given the high frequency of polyploid formation in Fragaria and
birth-death dynamics of polyploids'®, we agree it is possible that
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the hexaploid ancestor may be extinct. This remains to be properly
evaluated using robust phylogenetic approaches and datasets.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author
contributions and competing interests; and statements of data and
code availability are available at https://doi.org/10.1038/s41588-
019-0544-2.
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Reporting Summary
Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Data availability

The phylogenetic trees and alignments are available on Dryad (https://doi.org/10.5061/
dryad.b2c58pc). The genome assembly and annotation files are available on the

Genome Database for Rosaceae (https://www.rosaceae.org/) and NCBI GenBank under
BioProjects PRINA544784 and PRINA508389. The raw sequence data are available in the
Sequence Read Archive under the same NCBI BioProject numbers, PRINA544784 and
PRJNA508389.

Code availability
Custom software for running PhyDS phylogenetic analyses is available on GitHub
(https://github.com/mrmckain/PhyDS/).
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Extended Data Fig. 1| Anchoring genome sequence to the genetic map. Previously a high-density linkage map of F. iinumae was constructed by 4173
markers, with 3280 from the Array and 893 from genotyping by sequencing’. Here we anchored the contigs to this genetic map to obtain a chromosome-
scale genome of F. iinumae.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

X OO s

|:| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

X X

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

[]

|:| For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection All commericial DNA and RNA sequencing platforms used in this study are fully described.

Data analysis All software used in this study for data analysis is fully described including specifying versions used. All custom software developed for
this study has already been deposited on Github with weblinks (e.g. PhyDS; (https://github.com/mrmckain/PhyDS/)).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Raw sequencing data is available under accession code BioProjects PRINA544784 and PRINA508389 in the Sequence Read Archive on NCBI (https://
www.ncbi.nIm.nih.gov/sra). Genome assemblies and annotations are on NCBI GenBank (https://www.ncbi.nim.nih.gov/genome) under the same BioProjects and
also available on the Genome Database for Rosaceae (https://www.rosaceae.org/).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Phylogenetic analyses were conducted of hundreds of orthologous genes. The genome of a single individual of Fragaria iinumae was
sequenced.
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Data exclusions  No data was excluded from any analysis, unless described in the manuscript.
Replication Boostrap analyses were performed as described in the manuscript.
Randomization  Randomizations, included bootstrap analyses, to assess the level of support for each clade in every gene tree.

Blinding A blinded-experiment is not possible for phylogenetic or genomic analyses.
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