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Abstract—We explored the phylogenetic utility of mitochondrial DNA sequences in Daucus and compared the results with prior phylogenetic
results using the same 36 accessions ofDaucus (and two additional outgroups) with plastid DNA sequences andwith other nuclear results. As in the
plastid studywe used Illumina HiSeq sequencer to obtain resequencing data of the same accessions ofDaucus and outgroups, and analyzed the data
with maximum parsimony and maximum likelihood. We obtained data from 47 of 71 total mitochondrial genes but only 17 of these 47 genes
recovered major clades that were common in prior plastid and nuclear studies. Our phylogenetic trees of the concatenated data set of 47 genes were
moderately resolved, with 100% bootstrap support for most of the external and many of the internal clades, except for the clade of D. carota and its
most closely related species D. syrticus. There are areas of hard incongruence with phylogenies using plastid and nuclear data. In agreement with
other studies, we conclude that mitochondrial sequences are generally poor phylogenetic markers, at least at the genus level, despite their utility in
some other studies.
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The genus Daucus is a member of the large and taxo-
nomically complex family Apiaceae with a recent estimate of
466 genera and 3820 species (Plunkett et al. 2019). Identifi-
cation of members of the Apiaceae to family is generally
unambiguous, but generic boundaries are often vague, and
recent molecular studies have driven many reassignments of
species to other genera. This is most evident in the genus
Daucus that has benefitted frommolecular systematic studies
using a variety of plastid and/or nuclear regions (e.g. Downie
and Katz-Downie 1996; Downie et al. 1996; Spalik and
Downie 2007; Banasiak et al. 2016). Using DNA sequences
from nuclear ribosomal internal transcribed spacer regions
(ITS) and three plastid markers, Banasiak et al. (2016) in-
vestigated many species of Daucus and related genera, and
transferred 18 species in nine genera into Daucus: Agrocharis
Hochst. (four species), Melanoselinum Hoffm. (one species),
Monizia Lowe (one species), Pachyctenium Maire & Pamp.
(one species), Pseudorlaya (Murb.) Murb. (two species), Rouya
Coincy (one species), Tornabenea Parl. (six species),Athamanta
dellacellae E.A. Durand & Barratte, and Cryptotaenia elegans
Webb ex Bolle.

The most recent molecular studies in Daucus used next-
generation sequencing (NGS) approaches to test these results
and add resolution to the clades. Arbizu et al. (2014) inves-
tigated the phylogeny of Daucus with 94 nuclear orthologs,
producing highly resolved phylogenetic trees, and identified
ten ortholog markers that provided a phylogeny nearly
identical to the entire dataset. Arbizu et al. (2016) demon-
strated the utility of these ten nuclear orthologs in a more
focused study of the species boundaries of the D. guttatus
complex. Both of these studies resolved two main clades A
and B, and within clade A, subclade A0 composed entirely of
species with 2n 5 18 chromosomes (D. carota, D. syrticus), in
contrast to all other species with 2n 5 16, 20, 22, and one
polyploid of 2n 5 66. In a search for increased taxonomic
resolution with a different genome, Spooner et al. (2017)
generated resequencing data of 36 accessions of Daucus (and
two additional outgroups) representing all major clades of
Daucus with entire plastid DNA sequences showing areas of
congruence and incongruence with the nuclear data (Arbizu
et al. 2014, 2016). Fortuitously, these same resequencing data

can distinguish not only plastid and single- to low-copy
nuclear sequences, but also mitochondrial sequences
(Spooner et al. 2017), leading to the present analysis of these
same accessions with mitochondrial DNA.

The mitochondrion is one of three DNA-containing ge-
nomes in plants, in addition to plastids and nuclei. The mi-
tochondrion encodes for some of the genes necessary to
produce the proteins required in the oxidative phosphoryla-
tion reaction that produces ATP. Mitochondrial DNA, like
plastid DNA, is predominantly maternally inherited, but with
exceptions to paternal and bi-parental inheritance (Breton and
Stewart 2015).

Mitochondrial DNA has been comparatively underutilized
for phylogenetic analyses in plants relative to the nucleus and
plastid because of a number of complicating factors. These
include dramatic variation in the size of the genome, even
among closely related sister taxa, variation in rates of syn-
onymous substitutions, variation in rates of gene loss ac-
companied by functional transfer to the nucleus, and in rates of
genome rearrangement (Cole et al. 2018). Earlier, Rubinoff and
Holland (2005) claimed thatmtDNA is a rich source ofmarkers
for the study of closely related taxa because of the very low rate
of recombination, maternal inheritance, simple genetic struc-
ture, reduced effective population size, and relatively rapid
rates of evolution. This contrasted with data from Wolfe et al.
(1987) showing that mtDNA generally has lowmutation rates.
An alternative perspective was provided by Galtier et al.
(2009) who designated mtDNA as “intrinsically the worst
population genetic and phylogenetic molecularmarkerwe can
think of,”pointing out its very low incidence of recombination,
lack of response to selection, and erratic evolutionary rates.
With these caveats in mind, the purpose of the present study is
to generate a mitochondrial DNA phylogeny of 36 accessions
of Daucus (and two additional outgroups) and to compare the
results with the same accessions using plastid data, and with
prior nuclear phylogenies of Arbizu et al. (2014, 2016).

Materials and Methods

DNAExtraction and Sequencing—The complete mitochondrial genome
of Daucus carota NC_017855.1 can be accessed from NCBI. The remaining
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accessions we sequenced are listed in Appendix 1 and are the same ones
examined in Spooner et al. (2017).

Mapping Sequences and Assembly—Sequences were quality trimmed
with Trimmomatic v. 0.22 (Bolger et al. 2014), using minimum quality 28,
minimum length 50, and adapter trim. Cleaned read pairs were mapped
to six Daucus carota subsp. sativus genomes: accession LNRQ01000010
(Iorizzo et al. 2016), NC_017855.1 (Iorizzo et al. 2012), and four unpub-
lished, draft genomes (three male sterile: B493A, B2163A, B10138A; one
male fertile: B2163B) using BWA-MEM v. 0.7.10 (Li and Durbin 2009) with
parameters -a -M -t 8. The SAM file was then converted to a BAM file
(view), sorted (sort), and indexed (index) using SAMtools v. 0.1.19 (Li et al.
2009). All reads that mapped to the mitochondrial genomes were extracted
and paired using the standard protocol of Picard SamToFastq v. 1.119
(https://broadinstitute.github.io/picard/). Mitochondrial mapped, paired
reads were assembled using abyss-pe (Simpson et al. 2009), with a k-mer
value of 64. The resulting aligned PAUP file, Supplemental Tables 1, 2,
and Supplemental Fig. 1 are available from the Dryad Digital Repository
(Spooner et al. 2020). DNA sequences of the 47 completely sequenced
genes are available in GenBank.

Gene Length and Coverage—The coverage of each assembled gene was
determined by mapping the mapped, paired reads back to the *-8.fa using
BWA-MEM, and then converted, sorted, indexed (see above), and du-
plicates marked (Picard MarkDuplicates, standard protocol). GATK
(McKenna et al. 2010) and DepthOfCoverage (DePristo et al. 2011; Van der
Auwera et al. 2013) determined the coverage for each contig. Gene loca-
tions were determined by comparing the list of gene sequences from
NC_017855.1 to the *-8.fa with nucmer –maxmatch, followed by show-
coords –rd (v. 3.1) (Delcher et al. 2002). The average coverage of each gene
was calculated by averaging the coverage of each gene based on the co-
ordinates generated (Supplemental Table 2, Spooner et al. 2020).

Alignment and Annotation of Genes—Mitochondrial gene sequences
were aligned using MUSCLE v. 3.8.31b (Edgar 2004). The aligned se-
quences were manually corrected to minimize gaps using Mesquite v. 3.03
(Maddison and Maddison 2015). Genes with introns were annotated from
the NC_017855.1 reference, and added to the final NEXUS file as a
CHARSET.

Phylogenetic Analyses—We rooted our trees onOenanthe virgata, based
on Downie et al. (2000). We first performed maximum parsimony (MP)
analyses of the entire data set (all taxa and all characters). All MP analyses
were conducted in PAUP* v. 4.0a131 (Swofford 2002). Question marks and
blank spaces were treated as missing data and gaps, respectively. All
characters were treated as unordered and weighted equally (Fitch 1971).
The most parsimonious trees were found using a heuristic search (Farris
1970) by generating 100,000 random-addition sequence replicates and one
tree held for each replicate. Branch swapping used tree-bisection recon-
nection (TBR) retaining all most parsimonious trees. Then, we ran a final
heuristic search of the most equally parsimonious trees from this analysis
using TBR and MULPARS. Bootstrap values (Felsenstein 1985) for the
cladeswere estimated using 1000 replicateswith simple addition sequence,
setting MAXTREES to 1000. Maximum likelihood (ML) phylogenetic
analysis was also obtained for the entire data set with the program RAxML
v. 8.0.0 (Stamatakis 2014), using GTR1Gmodel and estimating individual
alpha-shape parameters, GTR rates, and empirical base frequencies for
each individual gene. Using the same program, 1000 nonparametric
bootstrap inferences were obtained. Both analyses were conducted via the
CIPRES (Miller et al. 2010) portal at the San Diego Supercomputer Center
(http://www.phylo.org).

Results

Completeness of Sequencing—Forty-seven of the 71 genes
we analyzed recovered complete sequences for all but a few of
the 36 accessions of Daucus (and two additional outgroups)
without any early stop codons or no stop codons or pseu-
dogenes; we did not analyze the remaining 24 genes that had
these problems (Table 1).

Phylogenetic Analyses—Individual bootstrap consensus
trees of the 47 genes are presented in Supplemental Fig. 1
(Spooner et al. 2020). These trees vary greatly in resolution (as
assessed by polytomies vs. topological structure and high
bootstrap support values) from showing no to very little
resolution (e.g. cox3, nad2, nad3, rps13), to greatly increased
resolution (e.g. cox2, nad4, nad7, rrn18, rrn26) recovering at

least clade B and the outgroup (Oenanthe virgata) relative to
earlier studies (Appendix 1; Table 1). Maximum parsimony
analysis of all 47 geneswere performed using the concatenated
dataset (Fig. 1A) from 55,730 characters, with 708 variable
parsimony uninformative characters, 957 parsimony infor-
mative characters, producing 24 equally parsimonious trees of
2121 length, consistency index 0.83, consistency index ex-
cluding uninformative characters 0.74, retention index 0.92,
and rescaled consistency index 0.76. This concatenated 47 gene
mtDNA tree, like the nuclear ortholog data of Arbizu et al.
(2014), and the plastid data of Spooner et al. (2017) recovered
the same main clades A, B, and outgroup, but with many
topological differenceswithin cladesA andB. For example, the
mtDNA tree failed to separate the 18-chromosome species of
cladeA0 (D. carota all subspecies,D. syrticus) fromother species
in clade A: D. pumilus and D. rouyi. In addition, there were
sister group relationship differences in mitochondrial clade A
to the plastid (Fig. 1B, C) (Spooner et al. 2017) and nuclear data

Table 1. Topology of the 47 individual gene trees recovering the three
main clades and outgroup of Daucus.

47 completely sequenced gene trees Caucalis sister A0 A B

atp4 x
atp9 x
ccmB
ccmC
ccmFc x x
ccmFn x x
cob x x
cox1
cox2 x x
cox3
matR x
mttB x
nad1
nad2 x
nad3
nad4 x x
nad4L x
nad5 x
nad6
nad7 x x x
nad9 x
orf28
orf31 x x x
orf34
orf39
orf40 x
orf41
orf42
orf46 x
orf47
orf48
orf51 x
orf56
orf57
orf58 x
orf59 x
orf60 x
rpl5 x
rpl10
rps1
rps3
rps4
rps7 x
rps12
rps13
rrn18 x x x
rrn26 x x x
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(Arbizu et al. 2014, 2016) results regarding D. aureus,
D. crinitus, D. muricatus, and D. tenuisectus and D. carota.
Within clade B, both the plastid and mtDNA trees place
D. glochidiatus sister to all other species of clade B, and
D. conchitae PI 652385 is in a clade with both accessions of
D. bicolor, different from the nuclear data (Arbizu et al. 2014).
However, there are topological differences in these two
datasets to the mitochondrial data regarding D. pusillus and
D. setulosus (Fig. 1B, C).

In an attempt to overcome these differences we examined
only the 17 genes as a concatenated dataset that recovered at
least clade B and the outgroup, and we then ran a maximum
parsimony analysis of these. Maximum parsimony analysis
of these 17 genes (Fig. 2) was constructed from 32,462
characters, with 409 variable parsimony uninformative
characters, 638 parsimony informative characters, producing
6 equally parsimonious trees of 1345 length, consistency
index 0.82, consistency index excluding uninformative
characters 0.74, retention index 0.93, and rescaled consis-
tency index 0.77. This tree had lower bootstrap support
values than the 47 gene tree and it retained topological
differences from the 47 gene tree making it no better in re-
covering “expected” topological structure relative to the
prior plastid and nuclear results.

Maximum likelihood analysis of 47 genes as a concate-
nated dataset (Fig. 3) produced a topology essentially equal
to theMP analysis of the 47 genes except forminor differences
in the apex of the tree containing five accessions of D. carota

with both trees containing in this area polytomies or low
bootstrap support.

Discussion

In summary, our Daucus results support the conclusion of
Galtier et al. (2009) thatmtDNA is a poor phylogenetic marker,
at least at the genus level. We found only 17 of the 47 com-
pletely sequenced genes (of 71 total) that recovered clades B
and the outgroup, but only four of these (nad7, orf31, rrn18,
rrn26) recovered clades A, B, and the outgroup, and none of
these four provided well-resolved topological or bootstrap
support (Table 1) approaching prior results using the plastid or
nuclear genes. The concatenated dataset of 47 genes provided
better topological structure but onlywith considerable input of
resources and time in bioinformatic analyses, and with less
support and incongruence to nuclear and plastid results. These
discordant results are part of a pattern showing up in many
phylogenetic studies comparing different genomes (plastid,
mitochondrial, nuclear) as well as comparing different regions
of the same nuclear genome (e.g. Rokas et al. 2003; Baum2007).
There are a variety of possible mechanisms producing the
discordance we highlight here, including hybridization, in-
trogression, or other causes (Wendel and Doyle 1998). Hy-
bridization and introgression are perhaps the most frequently
cited causes of this discordance, but they are hard to distin-
guish from each other. Edelman et al. (2019) developed new
techniques to analyze assembled genomes to show that

Fig. 1. 1a: Strict consensus of 24 maximum parsimony trees from the 47 completely sequenced mitochondrial genes; clades A and B are outlined at the
left; bootstrap values above 70% shown numerically, and dots are 100%. 1b: The entiremaximumparsimony plastid tree of Spooner et al. (2017). Green lines
show concordance and discordance of themitochondrial tree to the plastid tree; the red highlighted species and the red highlighted upper portion of the tree
in Fig. 1b represent the species and topology of clade A0 in the plastid tree. 1c: The expanded upper part of Fig. 1b, highlighting topological structure and
bootstrap support of clade A0 that is not present in the mitochondrial tree (1a).
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hybridization was operative in discordant phylogenies in
Heliconius butterflies, and such techniques surely will be used
in other groups.
Despite these problems in Daucus, mtDNA has been shown

to be useful in addressing important evolutionary and phy-
logenetic questions at higher taxonomic levels. For example,
Beckert et al. (2001) found the nad2 and nad5 genes to be useful
for phylogenetic analysis at the ordinal level (but not below the
family level) in mosses. Adams et al. (2002) surveyed mito-
chondrial gene losses in 280 genera of flowering plants and
found that the oldest groups of angiosperms contain nearly the
same set of genes as their algal ancestors relative to more
advanced families that experienced more losses. Mitochon-
drial DNA has been used in systematic studies at the ordinal

level in the Asteraceae (e.g. Wang et al. 2018). Park et al. (2015)
constructed a phylogeny of 17 species of Geranium, along with
representatives of parasitic plants in other plant families, to
infer sources of intracellular gene transfer and horizontal gene
transfer inGeranium. In summary, mtDNA appears to provide
well-resolved phylogenetic results in some cases, but generally
only at higher taxonomic levels, and not well resolved in
Daucus.

Author Contributions
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Fig. 2. Strict consensus of the 16 maximum parsimony mitochondrial trees from the 17 genes with similar topologies. Bootstrap values above 70%
shown; dots are 100%.
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Appendix 1. List of taxa. The 6-digit Plant Introduction (PI) numbers
are permanent numbers assigned to germplasm accessions in the National
Plant Germplasm System (NPGS). Germplasm centers in the NPGS assign
temporary site-specific numbers to newly acquired germplasm (the 5-digit
Ames numbers for carrots and other Apiaceae maintained at the North
Central Regional Plant Introduction Station in Ames, Iowa, USA) until an
accession’s passport data and taxonomy are verified, it is determined not to
be a duplicate accession, and it has been determined the accession can be
successfully maintained. These accessions may or may not be assigned a PI
number after the assessment period.

Ingroup: D. aureus Desf.; 319403; Israel. Mediterranean Region. D.
bicolor Sm. in Sibth.; 25830; Turkey. Mugla: 10 km northeast. D. bicolor;
652321; Greece. Macedonia: 1 km from Sarakini, toward Edessa. D. carota
subsp. capillifolius (Gilli) C.Arbizu; 279764; Libya. Near Jefren.D. carota
L. subsp. carota; 27395; Uzbekistan. Northeast of Gazelkent on main road
to Tashken. D. carota subsp. carota; 652393; Turkey. Konya: 10–15 km to
Seydisehir, between Yarpuz and Konya. D. carota subsp. carota; 502244;
Portugal. Coimbra: Lousa. D. carota subsp. carota; 274297; Pakistan.
Northern areas. D. carota subsp. gummifer; 26381; Portugal. Faro: Near
Portunao. D. carota subsp. gummifer; 26383; Portugal. Faro: Near Aljezur.
D. carota subsp. gummifer; 31194; Source: France. Parc Zoologique et
Botanique de la Ville de Mulhouse. D. carota subsp. gummifer; 478883;
France. Finistere: maritime turf, Le Conquet. D. carota subsp. maximus
(Desf.) Ball; 26408; Portugal. Beja. D. carota L. subsp. sativus (Hoffm.)
Schübl. & G.Martens;—-;—-; Source: Sequence obtained from NCBI ac-
cession NC_008325.1 from plant purchased in grocery store in US, cultivar
‘Half-long’ D. conchitae Greuter; 652367; Turkey. Mugla. D. conchitae;
652375; Turkey. Mugla: between Dalaman-Gocik and Fethiye. D. con-
chitae; 652385; Turkey. Antalya: Olympos. D. crinitus Desf.; 652412;
Portugal. Braganca: near Zava.D. crinitus; 652413; Portugal. Guarda: near
Barca de Alva. D. glochidiatus (Labill.) Fisch., C.A.Mey. & Avé-Lall.;
285038; Source: CSIRO, Australia. Capital Territory.D. guttatus Sibth. and
Sm.; 286611; Source: Lebanon. Faculty of Agricultural Sciences. D. gut-
tatus; 652233; Iran. Mazandaran: Dhalus Road, Dasht-e Nazir, Kandalus.
D. involucratus Sm.; 652332; Greece. Peloponnese: village of Loutra Agias
Elenis, 17 km south of Korinthos, Korinthia Prefecture. D. involucratus;
652350; Turkey. Izmir.D. littoralis Sibth.&Sm.; 295857; Israel. Beit Alpha.
D. muricatus L.; 295863; Spain. Cordoba. From Villa del Rio (Cordoba). D.
muricatus; 29090; Tunisia. South of Tunis along Hwy. 3 toward Zaghouan.
D. pumilus (L.) Hoffmanns and Link; 662301; Tunisia. South of Medenine
toward Tataouine, near Bir Lahmer. D. pusillus Michx.; 349267; Uruguay.
Montevideo. Near La Colorado Beach. D. pusillus; 661242; United States.
Oregon: east side of road, 1 mile north of Pistol River Road, about 1.5 miles
north of Pistol River, near Hunters River Cove, Curry County. D. rouyi
Spalik and Reduron; 674284; Tunisia. Jendouba: road to Tabarka, near
Tabarka airport. D. setulosus Guss. ex DC.; 652329; Greece. Peloponnese:
4 km from Skoura, toward Leonidion, Laconia Prefecture. D. setulosus;
652360; Turkey. Mugla: between Soke andMilas.D. syrticusMurb.; 29096;
Tunisia. Between Tataouine and Bir Lahmer. D. syrticus; 29108; Tunisia.
Between Medenine and Matmatas. D. tenuisectus Coss. ex Batt.; 31616;
Morocco. Al Haouz: 25.7 km north of center of Ijoukak, 29 km south of
Asni, Nfiss River Valley, Imgdal Region.

Outgroup: Caucalis platycarpos L.; 649446; Germany. Saxony-Anhalt:
Mannsdorf. Oenanthe virgata Poir.; 30293; Tunisia. Beja: Route 11, 41 km
from Eudiana, 254 km from Beja.
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