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ARTICLE INFO ABSTRACT

Keywords: The genus Rumex L. (Polygonaceae) provides a unique system for investigating the evolutionary development of

PAML sex determination and molecular rate evolution. Historically, Rumex has been divided, both taxonomically and

EAleL de diversi colloquially into two groups: ‘docks’ and ‘sorrels’. A well-resolved phylogeny can help evaluate a genetic basis
Piuc eotide diversity for this division. Here we present a plastome phylogeny for 34 species of Rumex, inferred using maximum

likelihood criteria. The historical ‘docks’ (Rumex subgenus Rumex) were resolved as monophyletic. The historical
‘sorrels’ (Rumex subgenera Acetosa and Acetosella) were resolved together, though not monophyletic due to the
inclusion of R. bucephalophorus (Rumex subgenus Platypodium). Emex is supported as its own subgenus within
Rumex, instead of resolved as sister taxa. We found remarkably low nucleotide diversity among the docks,
consistent with recent diversification in that group, especially as compared to the sorrels. Fossil calibration of the
phylogeny suggested that the common ancestor for Rumex (including Emex) has origins in the lower Miocene
(22.13 MYA). The sorrels appear to have subsequently diversified at a relatively constant rate. The origin of the
docks, however, was placed in the upper Miocene, but with most speciation occurring in the Plio-Pleistocene.

1. Introduction

Commonly known as docks and sorrels, Rumex L. (Polygonaceae) is a
relatively large genus. Rumex encompasses four circumscribed sub-
genera, approximately 200 species, and hundreds of described subspe-
cies and varieties. Rumex has been formally monographed twice
(Campdera, 1819; Meisner, 1856), and continued to be of taxonomic
interest through the mid-20th Century (Rechinger 1933, 1937, 1939,
1949, 1954a, 1954b, 1984, 1990; Brandbyge and Rechinger, 1989). The
20th Century, however, also brought new tools and therefore a new
perspective to studies in Rumex. Askell Léve applied advances in
cytology, specifically karyotyping, to Rumex and discovered a wealth of
variation, sometimes documenting multiple cytotypes within recognized
species (Love, 1957, 1967; Love and Kapoor, 1967).

Most workers recognize four subgenera in Rumex: Rumex, Acetosa,
Acetosella and Platypodium (Mosyakin, 2005). Recently, a fifth subgenus
Emex, was proposed (Schuster et al., 2015), based on its inclusion from
molecular evidence. The distinction among subgenera is based on
morphological characters such as outer tepal type, habit, and base

chromosome number. Some workers, in particular, Love and colleagues,
argued that the cytological and morphological differences are so great,
that four segregate genera should be recognized (Love and Kapoor,
1967). Dioecy is largely associated with the occurrence of sex chromo-
somes, found in Rumex subg. Acetosa and Acetosella (See Table 1 in Grant
et al.,, 2022). Among the dioecious species, there is a documented
female-bias (Korpelainen, 2002; Stehlik and Barrett, 2005; Stehlik et al.,
2007; Stehlik et al., 2008). Monoecy has been described in the Hawaiin
endemics (Navajas-Pérez, 2012), though monoecy, andromonoecy or
‘polygamomonoecy’ appears to be widespread, at least in North America
(Dean and Mitchell, 1979; Mosyakin, 2005). The taxonomic complexity
in Rumex also presents nomenclatural challenges. There are almost 1200
described taxa within the genus, including species, hybrids, infrageneric
and infraspecific taxa.

Several groups have published phylogenies of Rumex utilizing mo-
lecular data, though none with clear resolution among all species.
Navajas-Pérez et al. (2005) were able to outline many of the major re-
lationships in the genus, recovering a phylogenetic topology roughly
congruent with the morphological subgeneric classification system
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proposed in the 20th Century (Rechinger, 1933, 1937, 1939, 1949,
1954a, 1954b, 1984, 1990; Brandbyge and Rechinger, 1989). Yet, this
phylogeny did not sample widely in the genus and left many relation-
ships, especially within subgenus Rumex (‘docks’), poorly resolved. This
work was improved upon by Grant et al. (2022), who were able to
greatly increase the sampling of species within Rumex. At the same time,
their work also failed to resolve the relationships among species in
subgenus Rumex.

In addition to questions of phylogenetic topology, there exist related
questions of evolutionary processes within Rumex. One such area of
interest is understanding why relationships within subgenus Rumex, the
largest of the subgenera, have been so difficult to resolve. There are a
number of possible explanations; It may be that the lineages within
subgenus Rumex are very old, and that the long branches of these line-
ages have accumulated conflicting genetic information, making phylo-
genetic resolution difficult. Alternatively, it might be that the lineages
within subgenus Rumex are very young and, as a result, there are few
accumulated genetic differences among them, making phylogenetic
resolution difficult. It is also well documented that species of subgenus
Rumex commonly form hybrids among themselves (e.g Ziburski et al.,
1986; Rechinger, 1990; Kitchener, 2002; Takahashi and Hanyu, 2015).
Indeed, by our count, Rechinger documented some 32 hybrid taxa
within subgenus Rumex. Frequent hybridization can increase the like-
lihood and accelerate the process of so-called “chloroplast capture”,
contributing to phylogenetic ambiguity in plastid-informed phyloge-
netic reconstructions.

Phylogenetic work in Rumex to date, at least with respect to the
chloroplast genome, has largely exhausted the capacity of first-
generation (Sanger) sequencing technologies to resolve relationships
within the genus. Second generation (massively parallel) sequencing
technologies have the capacity to generate the many more informative
characters that are likely necessary both to resolve relationships within
Rumex, as well as to elucidate the underlying processes driving those
relationships (Zhang et al., 2022). Such genome-scale datasets, com-
bined with contemporary phylogenetic algorithms and fossil data, allow
us to begin to answer questions of evolutionary process by assessing
genetic similarity among collections of phylogenetically well-resolved
taxa set in the context of an absolute timescale (Soltis et al., 2010;
Leebens-Mack et al., 2019; Wong et al., 2020).

Therefore, as part of our ongoing efforts to elucidate the origin and
evolution of heteromorphic sex chromosomes in Rumex, we hoped to 1)
more clearly resolve the cladistic status (monophyletic/ paraphyletic)
for the subgenera of Rumex, 2) better resolve species relationships
within those subgenera, 3) more clearly resolve the placement of the
genus Emex relative to Rumex, and 4) obtain a better understanding of
evolutionary processes in Rumex, particularly subgenus Rumex, through
fossil calibration of the Rumex phylogeny and the calculation of genetic
diversity metrics.

We here present the results of this work: a maximum likelihood
plastome phylogeny for 34 species of Rumex (including one species of
Emex) plus 14 taxa within the Polygonaceae to provide temporal
constraint, time-calibrated using three calibration points, and set in the
context of average pairwise nucleotide diversity (1) among the ‘docks’
(subg. Rumex) and the ‘sorrels’ (subg. Acetosa and subg. Acetosella
together).

2. Methods

Infiles and code can be found in the supplemental files (S1-S16).
Assemblies and annotations are available on Dryad (Koenemann et al.,
2023)

2.1. Sampling

We sampled 34 species of Rumex, representatively among the sub-
genera: 12/41 Subgenus Acetosa, 3/5 Subgenus Acetosella, 1/2 Subgenus
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Emex, 1/1 Subgenus Platypodium, 17/126 Subgenus Rumex - species
estimates from Grant et al. (2022). We obtained 15 plastome sequences
preassembled from GenBank (Benson et al., 1999), especially the out-
groups (Table 1). The majority of the Rumex plastomes we assembled for
this work. In some cases, these assemblies were generated from [llumina
read archives that are publicly available from the Sequence Read
Archive (Leinonen et al., 2011) (Table 1). We assembled the remainder
of the plastomes from Illumina read archives that we generated for this
study (Table 1).

For Illumina read archives generated for this study, we extracted
whole-genomic DNA from herbarium or silica-preserved leaf material
using methods described in Grant et al. (2022). Library preparation and
llumina HiSeq whole genome sequencing (KAPA PCR free library
preparation, 500 bp insert, paired-end sequencing, 740 M total reads
over 25 pooled samples) were conducted by Admera Health (South
Plainfield, NJ).

2.2. Sequence intake and quality control

We removed the second inverted repeat from all GenBank plastomes
and plastomes assembled for this study. We used the default settings in
FastQC v0.11.9 (Wingett and Andrews, 2018) to identify potential
problems in all Illumina read archives (no problems were identified). We
used AdapterRemoval2 (Scubert et al., 2016) to remove adapter frag-
ments from reads, trim reads past the first occurrence of a base call with
quality score <20, enforce a minimum fragment length of 35 bp, and
split the reads into two files consisting of complementary read pairs (in
preparation for input into GetOrganelle).

2.3. Assembly

We assembled all read archives into whole plastid genomes (plas-
tomes) de novo using GetOrganelle v1.6.2d (Jin et al. 2020). We input
read pairs as separate files. We set the number of rounds of extension to
15 and provided the Rumex nepalensis GenBank plastome as the initial
seed in the case of Rumex and Emex species, or the Rheum palmatum
GenBank plastome as the initial seed in the case of Rheum species
(Table 1). Otherwise, all parameters were set to the defaults. GFA and
log files were examined to confirm proper assembly of each plastome.

GetOrganelle was not able to assemble a circular plastid genome for
Rumex thyrsoides. Rather, it was assemble into seven scaffold sequences
(32,810 bp, 30,390 bp, 26,285 bp, 13,095 bp, 4,815 bp, 4,410 bp, 3,964
bp). We used Geneious Prime v2023.0.1 (https://www.geneious.com;
Kearse et al., 2012) to align these scaffolds to the plastome of the nearest
evolutionary neighbor of R. thyrsoides (R. acetosa). The scaffolds aligned
to the reference as non-overlapping and nearly contiguous. We gener-
ated the consensus sequence, coding the gaps between the scaffolds and
on the ends of the alignment as ambiguous (N).

2.4. Annotation and feature analysis

We generated annotations for all plastomes included in this study
using GeSeq through the CHLOROBOX web platform (Tillich et al.,
2017). We used the program defaults for plastid genomes, with the
exception of adding the optional annotation search functionality of
tRNAscan-SE v2.0.7 (Chan and Lowe, 2019).

Using the feature coordinates from the GeSeq output, we used
BEDTools (Quinlan and Hall, 2010) to extract the sequences of each of
the features (exons, introns, rRNA, tRNA) from the unaligned plastome
of each taxon, as well as the spacer regions bridging each of the features
(we only carried forward spacers at least 100 base pairs long). We then
used MAFFT v7.505 (Katoh and Standley, 2013) to align each feature
and spacer across relevant taxa. We used the nuc.div() function in R
from the pegas v1.1 package (Paradis, 2010) to calculate the average
pairwise per-site nucleotide diversity () for each aligned feature and
each aligned spacer. Alignment and calculation of = were done three
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Table 1

Sampling and source material for the taxa utilized in this study.
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Taxon Source GenBank Reference ID or DOI Data Type Subfamily Classification
Atraphaxis bracteata Losinsk. GenBank NC_059952.1 Assembled NA (Outgroup)
Plastome
Calligonum colubrinum 1.G.Borshch. GenBank NC_049142.1 Assembled NA (Outgroup)
Plastome
Calligonum pumilum Losinsk. GenBank NC_053262.1 Assembled NA (Outgroup)
Plastome
Fagopyrum dibotrys (D.Don) Hara GenBank NC_037705.1 Assembled NA (Outgroup)
Plastome
Fagopyrum leptopodum (Diels) Hedberg GenBank NC_056984.1 Assembled NA (Outgroup)
Plastome
Fallopia multiflora (Thunb.) Haraldson GenBank NC_041239.1 Assembled NA (Outgroup)
Plastome
Fallopia sachalinensis (F.Schmidt) Ronse Decr. GenBank NC_047446.1 Assembled NA (Outgroup)
Plastome
Muehlenbeckia platyclada (F.Muell.) Meisn. GenBank NC_062330.1 Assembled NA (Outgroup)
Plastome
Oxyria sinensis Hemsl. GenBank NC_032031.1 Assembled NA (Outgroup)
Plastome
Persicaria filiformis (Thunb.) Nakai GenBank NC_058319.1 Assembled NA (Outgroup)
Plastome
Persicaria japonica (Meisn.) Nakai GenBank NC_056952.1 Assembled NA (Outgroup)
Plastome
Rheum nobile Hook.f. & Thomson GenBank NC_046506.1 Assembled NA (Outgroup)
Plastome
Rheum palmatum L. GenBank NC_027728.1 Assembled NA (Outgroup)
Plastome
Rheum rhabarbarum L. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read NA (Outgroup)
this Study mkkwh714r Archive
Rumex abyssinicus Jacq. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Acetosa
this Study mkkwh714r Archive (“Sorrel™)
Rumex acetosa L. SRA Illumina Read Archive ERR5554750 Illumina Read Subgenus Acetosa
Archive (“Sorrel”)
Rumex acetosella L. Ilumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Ilumina Read Subgenus Acetosella
this Study mkkwh?714r Archive (“Sorrel”)
Rumex albescens Hillebr. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
this Study mkkwh714r Archive (“Dock™)
Rumex alpinus L. SRA Illumina Read Archive ERR5554590 Mlumina Read Subgenus Rumex
Archive (“Dock™)
Rumex altissimus Alph.Wood Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
this Study mkkwh714r Archive (“Dock™)
Rumex aquaticus L. SRA Illumina Read Archive ERR5555389 Illumina Read Subgenus Rumex
Archive (“Dock™)
Rumex arcticus Trautv. SRA Illumina Read Archive ERR5529493 Illumina Read Subgenus Rumex
Archive (“Dock™)
Rumex bucephalophorus L. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Platypodium
this Study mkkwh714r Archive
Rumex conglomeratus Murray Ilumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
this Study mkkwh714r Archive (“Dock™)
Rumex crispus L. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
this Study mkkwh714r Archive (“Dock™)
Rumex dentatus L. SRA Illumina Read Archive SRR15698557 Illumina Read Subgenus Rumex
Archive (“Dock™)
Rumex graminifolius Georgi ex Lamb SRA Illumina Read Archive ERR5555126 Illumina Read Subgenus Acetosella
Archive (“Sorrel”)
Rumex hastatulus Baldwin (North Carolina SRA Illumina Read Archive SRR6294518 Illumina Read Subgenus Acetosa
Genotype) Archive (“Sorrel”)
Rumex hastatus D.Don Illumina Read Archive Generated for https://doi.org/10.5061/dryad. Illumina Read Subgenus Acetosa
this Study mkkwh714r Archive (“Sorrel”)
Rumex hymenosepalus Torr. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
this Study mkkwh714r Archive (“Dock™)
Rumex hypogaeus T.M.Schust. & Reveal (Emex GenBank NC_050054.1 Assembled Subgenus Emex
australis Steinh.) Plastome
Rumex induratus Boiss. & Reut. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Ilumina Read Subgenus Acetosa
this Study mkkwh714r Archive (“Sorrel”)
Rumex longifolius DC. SRA Illumina Read Archive ERR5555327 Illumina Read Subgenus Rumex
Archive (“Dock™)
Rumex lunaria L. Illumina Read Archive Generated for https://doi.org/10.5061/dryad. Illumina Read Subgenus Acetosa
this Study mkkwh714r Archive (“Sorrel”)
Rumex mexicanus Meisn. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
this Study mkkwh714r Archive (“Dock™)
Rumex nepalensis Spreng. GenBank NC_057504.1 Assembled Subgenus Rumex
Plastome (“Dock”)
Rumex obtusifolius L. Illumina Read Archive Generated for ~ https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
this Study mkkwh714r Archive (“Dock™)

(continued on next page)
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Table 1 (continued)
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Taxon Source

Rumex papilio Coss. Illumina Read Archive Generated for

this Study

Rumex paucifolius Nutt. Illumina Read Archive Generated for
this Study

Rumex peruanus Rech.f. Illumina Read Archive Generated for
this Study

Rumex rothschildianus Aarons. SRA Illumina Read Archive

Rumex sagittatus Thunb. Illumina Read Archive Generated for

this Study

Rumex sanguineus L. Illumina Read Archive Generated for
this Study

Rumex scutatus L. Ilumina Read Archive Generated for
this Study

Rumex sibiricus Hultén SRA Illumina Read Archive

Rumex stenophyllus Ledeb. Illumina Read Archive Generated for

this Study

Rumex thyrsiflorus Fingerh. Illumina Read Archive Generated for
this Study

Rumex thyrsoides Desf. Illumina Read Archive Generated for
this Study

GenBank Reference ID or DOI Data Type Subfamily Classification
https://doi.org/10.5061/dryad. Ilumina Read Subgenus Acetosa
mkkwh714r Archive (“Sorrel”)
https://doi.org/10.5061/dryad. Ilumina Read Subgenus Acetosella
mkkwh714r Archive (“Sorrel”)
https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
mkkwh714r Archive (“Dock™)
SRR6294517 Illumina Read Subgenus Acetosa
Archive (“Sorrel”)
https://doi.org/10.5061/dryad. Illumina Read Subgenus Acetosa
mkkwh714r Archive (“Sorrel”)
https://doi.org/10.5061/dryad. Ilumina Read Subgenus Rumex
mkkwh714r Archive (“Dock”)
https://doi.org/10.5061/dryad. Ilumina Read Subgenus Acetosa
mkkwh714r Archive (“Sorrel™)
ERR5529374 Illumina Read Subgenus Rumex
Archive (“Dock”)
https://doi.org/10.5061/dryad. Illumina Read Subgenus Rumex
mkkwh714r Archive (“Dock™)
https://doi.org/10.5061/dryad. Illumina Read Subgenus Acetosa
mkkwh714r Archive (“Sorrel”)
https://doi.org/10.5061/dryad. Ilumina Read Subgenus Acetosa
mkkwh714r Archive (“Sorrel”)

times for each feature and spacer, using three different groups of species:
sorrels only, docks only, and all Rumex (Table 1). For these calculations
we included Rumex bucephalophorus in the sorrels, but excluded
R. hypogaeus (Emex australis) from any of the calculations.

Preliminary = calculations revealed that elements of the features
associated with rps12 displayed anomalously inflated n values. The
various elements of rps12 are known to be naturally separated onto
different parts of the plastome, with some exons located in the inverted
repeat region and some in the large single copy region. mRNA splicing
brings these elements together after transcription (Hildebrand et al.,
1988). We believe that the plastome annotator attempted to map all
elements of rps12 to both locations and generated, as a result, an inac-
curate mapping. We have therefore excluded all features associated with
rps12 from the final figure (Fig. 1) and any calculated metrics.

The placement of features and spacers inside of the major plastid
regions (LSC, SSC, IR) followed the results of the annotation coupled
with reference to recent plastome mapping in the Rumex sister genus
Rheum (Zhou et al., 2018).

2.5. Phylogeny reconstruction

We reconstructed the Rumex phylogeny using a maximum likelihood
criterion (RAXML v8.2.4: Stamatakis, 2014). The input alignment was
generated from whole plastomes (one of the repeats having been
removed, as outlined above) using MAFFT. This alignment was manu-
ally adjusted to remove an artificial indel produced by the ambiguous
characters in the R. thyrsoides consensus sequence. We ran ModelTest-
NG v0.1.7 (Darriba et al., 2019), which revealed the GTR nucleotide
substitution model to be the best fit model that was available for use in
the RAXML phylogenetic algorithm. As a result, we specified the RAXML
reconstruction conditions to be a nucleotide substitution model of GTR
+ I' for two separate analyses. In the first analysis we conducted 1000
search replicates with no bootstrap iterations. In the second analysis we
conducted a single search replicate with 1000 bootstrap iterations. We
used FigTree v1.4.4 (Rambaut, 2018) to visualize the phylogenetic
output. We constructed the bootstrap consensus tree using MESQUITE
(Maddison and Maddison, 2021).

We also reconstructed the Rumex phylogeny using a Bayesian crite-
rion (MrBayes v3.2.7a: Ronquist et al., 2012). We specified a single
partition with a nucleotide substitution model of GTR + I for two runs,
each with four chains. Each run lasted 5 million generations, sampling
every 1000 generations. We used the RWTY v1.0.2 (R We There Yet?:

Warren et al., 2017) package in R to assess the convergence of the
MrBayes runs (S12). This analysis suggested that the runs did converge
and that a 20 percent burn-in fraction was appropriate when summa-
rizing the runs. We then summarized the two runs with a burn-in frac-
tion of 20 percent, using Sump and Sumt, with all other parameters set to
the default.

We used the mcmctree function in PAML (PAML v.4.9j: Yang, 2007,
2021) to time-calibrate the Rumex phylogeny. We analyzed the data as a
single partition. We used the correlated-rates evolutionary clock model
(evolutionary rates may vary across the branches, but are correlated
with rates on other local branches). We set the nucleotide substitution
model to HKY85 (the model most similar to the GTR recommended by
ModelTest, and also available in mcmctree). The topology was fixed to
that of the best RAXML tree. The other parameters were set with the aid
of the mcmctree section of the PAML manual (pamIDOC, 2020). Our
mcmctree control file is available as a supplement (S2). We ran the
analysis for 20,000 generations, sampling every 10 generations, with a
burn-in of 1,000 generations (following Cai et al., 2015).The RAXML,
MrBayes, and PAML analyses were conducted on the Smithsonian
Institution high performance computing cluster (https://doi.
org/10.25572/SIHPC).

Three date parameters were used to calibrate the phylogeny: two
primary node constraint (common ancestor) priors based on fossil in-
formation, and one secondary node constraint prior based on the find-
ings of previous research. PAML mcmctree only uses “soft” node
constraints (pamIDOC, 2020). That is, mcmctree may reconstruct node
ages outside of the ranges specified by the user. As such, all three of our
node constraints were soft constraints. These age constraint priors are
also uniform in shape, that is, all node ages within the limits of the
constraint were regarded as equally probable.

The first primary node constraint was placed at the base node
(common ancestor) of the genus Rumex. This node was set to a minimum
of age of 3.6 MYA (mid-Pliocene) and a maximum age of 23 MYA (lower
Miocene). The age of this node was informed by fossils of Rumex fruits
that can be dated to this age range (Huang et al., 2021), as well as pollen
records of Rumex dating into the late Miocene (5-10 MYA) but not
further back than the end-Oligocene (23 MYA) (e.g. Muller, 1981; Barron
et al., 2006; Jiménez-Moreno et al., 2007; Manchester and O’Leary,
2010).

The second primary node constraint was placed at the base node of
the genus Persicaria. This node was set to a minimum age of 2.5 MYA
(end-Pliocene) and a maximum age of 59 MYA (lower Paleogene). The
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age of this node was informed by fossilized Persicaria pollen dating to
this range of ages (Schuster et al., 2013, et hoc cit.).

The secondary node constraint prior was placed at the base of the
Polygonaceae (all taxa in the tree). This node was set to a maximum age
of 122 MYA (lower Cretaceous). The age of this node was informed by
previous studies that dated the common ancestor of the Polygonaceae
family to this age (Soltis et al., 2008; Forest and Chase, 2009; Schuster
et al., 2013; Kostikova et al., 2014).

3. Results
3.1. Dataset

In total, we sampled plastomes from 14 outgroup species and 34
species of Rumex (including Emex), including species from all of the
subfamilies of Rumex (Table 1). Of the 34 Rumex plastomes sampled, 32
were assembled by us for this work. The total aligned matrix length,
including both Rumex and the outgroups, was 162,918 base pairs, with
27,021 variant patterns (S8).

3.2. Plastome assembly

In most cases (32 of 33) GetOrganelle was able to assemble a fully
circular plastome de novo. In one case (Rumex thyrsoides), GetOrganelle
was able to assemble seven scaffold sequences de novo (32,810 bp,
30,390 bp, 26,285 bp, 13,095 bp, 4,815 bp, 4,410 bp, 3,964 bp), but was
not able to connect them. We used these scaffolds to generate a partial
sequence for R. thyrsoides as described in the methods.

Across the 33 plastomes assembled for this study, the median
coverage depth for de novo assembled regions was 393.8X, and the mean

Table 2
Metrics for plastomes assembled in this study.

Taxon SRA Reference
ID

Average (Mean) Coverage Depth

PRINA935754 471.5
PRINA935754 357.1
ERR5554750 107.8
PRINA935754 330

PRINA935754 352.4

Rheum rhabarbarum
Rumex abyssinicus
Rumex acetosa
Rumex acetosella
Rumex albescens

Rumex alpinus ERR5554590 237.8
Rumex altissimus PRJINA935754 392.4
Rumex aquaticus ERR5555389 346.9
Rumex arcticus ERR5529493 346.4

Rumex PRJINA935754 375.4
bucephalophorus
Rumex conglomeratus

Rumex crispus

PRINA935754 401.1
PRINA935754 404.7

Rumex dentatus SRR15698557 407.5
Rumex graminifolius ERR5555126 162
Rumex hastatulus SRR6294518 494.6

PRINA935754 372.8
PRINA935754 410.8
PRINA935754 323.9
ERR5555327 181.7
PRINA935754 549.6
PRINA935754 427.2
PRINA935754 510.9

Rumex hastatus
Rumex hymenosepalus
Rumex induratus
Rumex longifolius
Rumex lunaria
Rumex mexicanus
Rumex obtusifolius

Rumex papilio PRINA935754 508.4

Rumex paucifolius PRINA935754 489.5

Rumex peruanus PRJINA935754 505.2

Rumex SRR6294517 416.4
rothschildianus

PRJINA935754 465.5

PRJINA935754 393.8

PRJINA935754 369.9

ERR5529374 505.4

PRJINA935754 393.5

PRJINA935754 436

PRINA935754 266.7 (across the 7 de novo assembled

scaffolds)

Rumex sagittatus
Rumex sanguineus
Rumex scutatus
Rumex sibiricus
Rumex stenophyllus
Rumex thyrsiflorus
Rumex thyrsoides
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coverage depth for de novo assembled regions was 385.3X (Table 2).
3.3. Plastome annotation

The annotation of the Rumex plastomes identified 127 genetic fea-
tures: 88 coding regions (exons), 10 introns, 5 rRNAs, and 24 tRNAs
(Fig. 1). Additionally, we identified 83 spacers at least 100 bp long,
bridging these genetic features.

The nucleotide diversity among the docks was notably lower than
among the sorrels (Fig. 1). The mean © value averaged across all features
for docks was 0.006488413, and for sorrels was 0.019003196. The mean
n value averaged across all spacers was 0.0251772658, across all coding
regions (exons) was 0.0061026585, across all introns was
0.0137102818, across all rRNA was 0.0002471127, and across all tRNA
was 0.0182284642.

3.4. Phylogeny reconstruction

The best RAXML tree was fully resolved (all nodes represent bi-
furcations; Fig. 2). Additionally, subgenus Rumex (‘docks’) was resolved
as monophyletic. Subgenus Acetosa was not resolved as monophyletic,
however, with subgenera Acetosella and Platypodium being nested inside
of it. The sorrels in their historical sense (subgenera Acetosa and Ace-
tosella together) were not resolved as monophyletic through the inclu-
sion of the monotypic subgenus Platypodium. Rumex hypogaeus (Emex
australis) was resolved as sister to the sorrels.

The bootstrap consensus tree recapitulated the topology of the best
RAXML tree. Most clades received strong support (bootstrap support
>90). The exceptions to this were the clade uniting the Rumiceae (the
genera Oxyria, Rheum, Emex, and Rumex), the clade uniting the docks
Rumex mexicanus and Ru. altissimus, and the clade uniting the docks Ru.
alpinus, Ru. dentatus, and Ru. albescens.

The MrBayes tree was able to fully resolve all relationships with high
posterior probability support (PP > 95). The topology of this tree was
identical to that of the best RAXML tree and the RAXML bootstrap
consensus tree. The results of the RWTY analysis showed that the in-
dependent runs each adequately searched tree space, and adequately
converged on solutions that were similar and becoming more similar
over time.

3.5. PAML fossil calibration

The fossil calibration placed the most recent common ancestor for
Rumex (including Emex) in the lower Miocene (22.13 MYA, 95% Highest
Posterior Density Interval [HPD] 18.56-25.58 MYA) and the most recent
common ancestor for the tribe Rumiceae (Rumex, Emex, Rheum, and
Oxyria) in the upper Eocene (35.17 MYA, 95% HPD 27.38-44.13 MYA).
The origin of the docks (subgenus Rumex) was dated to 11.45 MYA (95%
HPD 7.99-14.90 MYA), and the origin of the sorrels (subgenera Acetosa,
Acetosella, and Platypodium together) was dated to 13.77 MYA (95%
HPD 10.22-17.42 MYA). Species within the subgenera Acetosa and
Acetosella appear to have subsequently diversified at a relatively con-
stant rate. Most diversification in subgenus Rumex, however, occurred
beginning in the mid-Pliocene (approx. 3.6 MYA) and Pleistocene
(Fig. 2).

4. Discussion

We observed a marked difference in & values between the docks and
the sorrels. Specifically, the docks displayed little variation among their
plastid genomes. This low nucleotide diversity among the docks is
consistent with the recent divergence times of its lineages. The low
nucleotide diversity observed here in the docks was also observed in the
plastid genomes of Rheumn, the sister genus of Rumex, whose lineages are
interpreted to be very young (Zhang et al., 2021). What makes this
comparison more remarkable, however, is that most of the species of
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Docks All Rumex Sorrels

Feature Type exon . intron rRNA . spacer tRNA

Fig. 1. Nucleotide Diversity Among Docks and Sorrels. Bars represent n (average pairwise per-site nucleotide diversity) values for each feature and spacer. Features
and spacers are presented in syntenic order and color-coded, according to the results of the annotation. The inner circle depicts the major regions of the plastid: Large
Single Copy Region (LSC), Small Single Copy Region (SSC), and one of the Inverted Repeats (IR). The gray, dashed concentric circles are the y-axis scale and indicate
different values of n. Labels for these circles can be found at the bottom of each subchart. An alternate version of this figure, with each feature labeled, can be found in
the supplemental files (S6).

Rheum are restricted to Central Asia, whereas the docks are cosmopol- collection of speciation events within Rumex subgenus Rumex, ulti-
itan in distribution. mately accounting for most of the taxonomic diversity in the genus. This
Together, these pieces of information suggest a recent and rapid result serves to explain much of the taxonomic and phylogenetic
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Fig. 2. RAXML Phylogeny of Rumex Fossil-Calibrated with PAML. All nodes have high support (bootstrap and posterior probability over 90) except where indicated
in the results section. Key nodes have been annotated with the reconstructed date from PAML. Node ages with an asterisk were constrained during the PAML
calibration. The achene is located at the base of Rumex, to indicate the node for which we constrained using data from a fossilized achene.
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difficulty encountered in this subgenus over the past decades. Recent
divergence of the docks would serve as an explanation for the poor
species boundaries and frequent hybridization observed among many of
the species in the subgenus. Recent divergence of the docks, coupled
with frequent hybridization, would serve as an explanation for taxo-
nomic confusion in the subgenus. Finally, recent divergence of the
docks, coupled with frequent hybridization, would serve to explain the
historical lack of phylogenetic resolution in the subgenus.

Our results demonstrate that the sorrels represent an evolutionary
lineage distinct from the docks. These two major groups in Rumex have
long been recognized as morphologically divergent but previous mo-
lecular work had produced mixed results regarding the monophyly of
subgenus Rumex (e.g. Navajas-Pérez et al., 2005; Grant et al., 2022). This
work resolves the docks (subgenus Rumex) as monophyletic with high
confidence using molecular data. The paraphyly of the sorrels is not
unexpected. Previous work (Grant et al., 2022) had shown the mono-
typic subgenus Platypodium (R. bucephalophorus), which is not histori-
cally considered as one of the sorrels, to be nested inside the sorrels. That
placement is confirmed here.

The final major finding with respect to topology is the placement of
Rumex hypogaeus (Emex australis). For centuries it had been recognized
that Emex had an affinity to Rumex (Campdera, 1819), but was thought
to be distinct from Rumex due to differences in tepal morphology.
Subsequent molecular work suggested that Emex was nested within
Rumex (e.g. Sanchez et al., 2011; Schuster et al., 2015), with Schuster
et al. (2015) proposing that Emex should be included in Rumex. How-
ever, there was some controversy over this taxonomic act due to the
differences in tepal morphology, and the fact that other work had shown
the placement of Emex to be ambiguous (e.g. Burke et al., 2010; Grant
et al., 2022). Our work has again resolved Emex inside of Rumex and
sister to the sorrels, further justifying that Emex should be recognized as
a subgenus of Rumex.

Our estimates for the origins of the Rumiceae are younger than es-
timates from previous work (Schuster et al., 2013). That study, however,
neither employed genomic data nor included any fossil priors within the
Rumiceae. Our dating of the common ancestor of Rumex is older than
that found in a recent dated plastome phylogeny of the sister genus
Rheum (Zhang et al., 2021), where Rumex was used as an outgroup. That
study, however, included only two species of Rumex and no Rumex
fossils. As a result, we consider our dating here to be likely improve-
ments on previous estimates.

The relatively recent origins (Plio-Pleistocene) for the majority of
species in the docks, is a striking finding of the paper. It is interesting in
no small part because the majority of the species in the genus (ca. 130 of
ca. 200) are placed in the docks (Rumex subg. Rumex). The large number
of species also makes the interpretation of this finding difficult. A truly
universal or generalized explanation for speciation in a group of plants
with a cosmopolitan distribution is probably asking too much. One
possible unifying theme, however, could be Pleistocene glaciation.
While the species in the docks are distributed globally, most still inhabit
colder regions, either North or South temperate regions, or montane
tropical regions. It is possible that repeated glaciation, and repeated
retreat of Rumex populations into refugia, was a critical driver of evo-
lution in this group. The result has been a large number of morpholog-
ically identifiable groups, many with incomplete reproductive isolation.

Given that the sorrels occupy similar habitats (temperate/montane)
as the docks, why have they not speciated at the same rate as the docks?
One possible explanation is that Pleistocene evolution in the sorrels has
been largely cytological rather than morphological. It is possible that
during that same Plio-Pleistocene period the various sex chromosomes
and sex chromosome systems of the sorrels, as well as their differences in
chromosome numbers, were evolving. Future studies focusing on the
nuclear genome are planned in order to examine this.
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5. Conclusions

Our results show a striking difference in the rates of molecular
evolution within one genus. The docks and sorrels within genus Rumex
not only represent different taxonomic subgenera with different
morphology, but clearly the rates of molecular change are different
among these groups as well. Our study only demonstrated the variability
of the plastid genome. Future phylogenomic studies that include the
nuclear genome will be able to further investigate the genomic features
which may be driving this change, especially comparisons among
different homomorphic or heteromorphic sex chromosomes within the
sorrel clade.
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