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Abstract. Tribe Lithospermeae (Boraginaceae) consists of ca. 26 gen-
era and 470 species, in which Onosma constitutes approximately one
third of the species (~150). Although the tribe is strongly supported as
monophyletic, both generic and species boundaries remain ambigu-
ous. Among them, not only the phylogenetic position of Eastern Asian
Onosma species, but also the taxonomic limits of the genus remain
unclear. Whether Eastern Asian Onosma is monophyletic, or the genus
should be widened to include Maharanga, and maybe Cystostemon,
are still open questions. For these reasons, I performed 16 phylogenet-
ic analyses with different taxon coverages, alignments, gene regions
and outgroups, with up to 746 taxa of tribe Lithospermeae and with
five DNA regions, using data from GenBank. The results, with the
widest taxon coverage to date, show that while genus Onosma is not
monophyletic in any of the analyses, the phylogenetic relationships
among Onosma s.s., Eastern Asian Onosma, Maharanga and Cystos-
temon differ among analyses. However, the approximately unbiased
(AU) test showed that the topology (((Eastern Asian Onosma+Ma-
haranga) Cystostemon) Onosma s.s.) is overwhelmingly supported.
Therefore, the current study highlights the importance of taxon, gene
and outgroup sampling in Onosma phylogenetics.

Keywords. Cystostemon, Lithospermeae, Maharanga, Onosma, out-
group, phylogeny, taxon/gene sampling.

Resumen. La tribu Lithospermeae (Boraginaceae) consta de ca. 26 géneros
y 470 especies, en las que Onosma constituye aproximadamente un tercio
de las especies (~150). Si bien la tribu ha sido fuertemente apoyada como
monofilética, los limites taxondmicos a nivel de género y especie son toda-
via ambiguos. Entre ellos, no solo la posicion filogenética de las especies de
Onosma de Asia oriental, sino también la delimitacion del género son con-
fusas. Si Onosma de Asia oriental es monofilético o si el género debe am-
pliarse para incluir a Maharanga y tal vez Cystostemon son todavia cues-
tiones por resolver. Por estas razones, realicé 16 analisis filogenéticos con
diferentes coberturas de taxones, alineamientos, regiones de genes y grupos
externos, con hasta 746 taxones de la tribu Lithospermeae y con cinco re-
giones de ADN, usando datos de GenBank. Los resultados, con la cobertura
taxonomica mas amplia hasta la fecha, demuestran que si bien el género
Onosma no resulté monofilético en ninguno de los anélisis, las relaciones
filogenéticas entre Onosma s.s., Onosma de Asia oriental, Maharanga y
Cystostemon difieren entre analisis. Sin embargo, el test AU (“approxima-
tely unbiased”) mostrd que la topologia (((Onosma-Asia Oriental+Maha-
ranga) Cystostemon) Onosma s.s.) es ampliamente compatible. Por lo tanto,
este trabajo destaca la importancia del muestreo de taxones, genes y grupos
externos en la filogenética de Onosma.

Palabras clave. Cystostemon, Lithospermeae, filogenia, grupo externo,
Maharanga, muestreo de taxones/genes, Onosma.

How to cite this article: Aygoren Uluer D. 2023. Supermatrix analyses reveal the importance of outgroup, gene and taxon sampling in Onosma
(Boraginaceae) phylogenetics. Anales del Jardin Botdnico de Madrid 80: e133. https://doi.org/10.3989/ajbm.2630

Title in Spanish: Analisis de supermatrices demuestran la importancia del muestreo de grupos externos, genes y taxones en la filogenética de Onosma

(Boraginaceae).

Associate editor: Javier Fuertes-Aguilar. Received: 17 January 2022; accepted: 23 February 2023; published online: 14 June 2023.

INTRODUCTION

The family Boraginaceae Juss. (Boraginales) is sub-
divided in five subfamilies, including subfamily Bora-
ginoideae Arn. with two tribes, namely Boragineae and
Lithospermeae (Chacon & al. 2019). Tribe Lithospermeae
with ca. 26 genera and 470 species (Chacon & al. 2019) is
characterized by several morphological traits: herbaceous
habit, sympetalous corolla with generally basal and fau-
cal scales, fruit with four nutlets with basal attachments
(Cohen 2014; Weigend & al. 2016). While Lithospermeae
has been strongly supported as monophyletic (Thomas &

al. 2008; Cohen & Davis 2009; Cohen 2014; Selvi & al.
2017), within the tribe both generic and species boundaries
are ambiguous, and the phylogenetic relationships differ
among studies (Weigend & al. 2009; Cohen 2011; Cohen
2014; Chacoén & al. 2019).

Onosma L. is the largest genus of Lithospermeae with
~150 species (Chacon & al. 2017). It is distributed in nor-
th-western Africa, Europe and Asia, but the centre of diver-
sity is in the dry, rocky and sunny habitats of Turkey and
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Iran (Mehrabian & al. 2011; Nasrollahi & al. 2019). While
Onosma has been considered as a taxonomically difficult
group; only a few morphological and molecular studies
have focussed on this genus (e.g., Cecchi & al. 2011; Nas-
rollahi & al. 2019). Similarly, to date, its sampling in the
previous studies was limited [Table 1]. For instance, while
Nasrollahi & al. (2019) sampled 122 Onosma samples (87
species), they included only five outgroups in their anal-
yses. Similarly, while Chacon & al. (2019) included 257
Lithospermeae samples (180 species and 13 subspecies),
their sampling of Onosma remained insufficient with only
64 newly sequenced samples (50 species and 4 subspecies).
Furthermore, some recently described taxa (e.g., Onosma
atila-ocakii O.Koyuncu & Yaylaci; Koyuncu & al. 2013)
have never been included in a phylogenetic study, and their
phylogenetic position remain unknown. In addition, it was
reported that genus Onosma is not monophyletic, with the

Eastern Asian genus Maharanga recovered as closely relat-
ed to Eastern Asian Onosma, namely, O. rostellata Lehm.,
O. paniculata Bureau & Franch., O. hookeri C.B. Clarke,
O. waltonii Duthie, O. sinicum and O. pyramidalis Hook f.
(Cecchi & al. 2011; Chacon & al. 2019; Nasrollahi & al.
2019), so not only the phylogenetic position of the Eastern
Asian species, but also the taxonomic limits of the genus
Onosma (i.e., whether Eastern Asian Onosma+Maharanga
constitutes a different genus) remain unclear.

For these reasons, molecular analyses of Onosma with a
wide taxon coverage and more genetic regions are needed.
However, such a worldwide study would be both time and
money consuming. Therefore, before attempting such an
expensive job, a supermatrix analysis which covers more
taxa and all available published sequences would be the
first step to overcome these problems. With this aim, in the
current study, I performed 16 phylogenetic analyses with

Table 1. Comparison of taxon sampling of the present study and the previous studies on genus Onosma and/or tribe Lithospermeae. The highest taxon

coverage is indicated in bold. EA: Eastern Asian.

Cohen Cohen Chacon & al. Nasrollahi & al. Current study ITS Current‘ study Total

(2011) (2014) (2019) (2019) evidence
Total taxa 60 258 122 746 350
EA Onosma 5 8 21 12
Aegonychon 2 3 1
Alkanna 3 28 1 37 30
Ancistrocarya 1
Arnebia 1 2 9 39 16
Buglossoides 4 4 4 50 20
Cerinthe 1 2 6 27
Cystostemon 1 3 4
Echium 1 10 55 2 118 58
Echiostachys 1 3 3 2
Glandora 2 3 7 10 6
Halacsya 1 1 1 5 1
Huyhnia 1 2 1 3
Lithodora 2 2 4 25 16
Lithospermum 37 9 44 91 60
Lobostemon 2 3 7 5
Macrotomia 1 1 1
Maharanga 1 1 2 1 2 2
Mairetis 1 1 2 4 3
Megacaryon 2 3 2
Moltkia 1 5 6 16 9
Moltkiopsis 1 1 7 4
Neatostema 1 1 2 4 3
Onosma 1 6 64 117 278 88
Paramoltkia 1 1 1 5 2
Podonosma 1 1 2 1 3 2
Pontechium 1 2 3 3
Stenosolenium 1 1 1
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Table 2. Total number of taxa, alignment length, total variable characters, and the number of parsimony informative sites for each region sampled in the

present study.

Region Number of Alignment length Total variable char- P‘arsimony informa-
taxa (bp) acters tive characters (%)

ITS (1) 746 814 611 510 (62.7)

ITS (2) 555 810 555 489 (60.4

ITS (3) 323 802 525 447 (55.)

Plastid 339 2,753 1,073 662 (24)

Total evidence (1) 350 3,555 1,598 1,109 (31.2)

Total evidence (2) 345 3,555 1,579 1,101 (31)

Total evidence with distant OG (Vahlia) 347 3,611 1,750 1,321 (36.6)

Total evidence with closely related OG (4Anchusa) 347 3,629 1,585 1,138 (31.4)

different taxon coverage, gene regions and outgroup(s),
with up to 746 taxa and four plastid and one nuclear DNA
regions, namely, rps16, trnS-G spacer, trnl gene, trnL-F
spacer and nuclear ribosomal DNA (nrDNA) internal tran-
scribed spacer (ITS). I also performed approximately unbi-
ased (AU) (Shimodaira & Hasegawa 1999) test to evaluate
the p-values for the phylogenetic relationships among On-
osma, Maharanga and Cystostemon.

MATERIAL AND METHODS

Taxon sampling, alignment and phylogenetic analyses

The present study includes up to 746 taxa from 24 ge-
nera of tribe Lithospermeae (Table 1). Five loci, namely,
nuclear ITS, trnL gene, trul-F spacer, trnS-G spacer and
rps16 downloaded from GenBank (Appendices 1 and 2).
The number of taxa, alignment length, number of variable
characters, and the number of parsimony informative sites
for each region are provided in Table 2.

First, for the ITS region, three data matrices with dif-
ferent taxon sampling were created: dataset 1) ITS matrix
with missing data (i.e., either ITS1 or ITS2 regions, or both
available for each taxon) with 746 taxa; dataset 2) ITS data
matrix without missing data with 555 taxa (i.e., both the
ITS1 and ITS2 regions are available for each taxon); data-
set 3) ITS data matrix without missing data with 323 taxa
(i.e., for this dataset, the difficult taxa to align, possibly
due to misidentifications and/or ITS region problems, were
removed). Second, for the plastid data only one data ma-
trix was created: dataset 4) trnL gene, trnL-F spacer, rps16
and t7nS-G spacer were included for 339 taxa. Third, for
the total evidence analyses (i.e., all five concatenated loci),
four matrices were created: dataset 5) total evidence matrix
with 350 taxa; dataset 6) total evidence matrix with 345
taxa [five taxa with only one sequence for each region, na-
mely Halacsya Dorfl., Macrotomia DC. ex Meisn., Steno-
solenium Turcz., Lithospermum tschimganicum B.Fedtsch
(= Ulugbekia/Arnebia tschimaganica) and Aegonychon
Gray were excluded]. With the addition of two different
outgroup taxa (i.e., out of tribe Lithospermeae), namely

Vahlia Thunb. and Anchusa L., two more datasets were
created: dataset 7) total evidence matrix with distant out-
groups, namely two Vahlia taxa, and 345 ingroup taxa; and
finally dataset 8) total evidence matrix with closely related
outgroups, namely two Anchusa taxa, and 345 ingroup taxa
(Table 2). Other than these last two datasets (7 and 8), no
outgroup(s) out of tribe Lithospermeae were used. In ter-
ms of taxon coverage for each dataset, see Table 3. These
strategies were used to detect the effect of outgroups (e.g.,
datasets 5, 6, 7 and 8), different alignments (e.g., dataset 1,
6 and 3), genes (e.g., datasets 3, 4 and 6) and missing data
(e.g., datasets 1 and 2) on the phylogenetic relationships
within Onosma (Smith 1994; Qiu & al. 2001). Sequences
were aligned by Geneious Pro 4.8.4 (Kearse & al. 2012)
and manually edited for 16 different Maximum likelihood
(ML) and Bayesian Inference (BI) analyses (Table 2). ML
analyses were conducted with RAXML version 8.2.12
(Stamatakis & al. 2014) on the CIPRES Science Gateway
(Miller & al. 2011). The GTRGAMMA model was selec-
ted as the best-fit model by using the Akaike information
criterion (AIC) in the software jModelTest2.1.10 (Guin-
don & Gascuel 2013; Darriba & al. 2012), and the “Let
RAXML halt bootstrapping automatically” options selec-
ted. A rapid bootstrap analysis/search for best-scoring ML
tree was performed. BI analyses were implemented using
MrBayes 3.1.2 (Ronquist & Huelsenbeck 2003) on the CI-
PRES Science Gateway (Miller & al. 2011), for 10 million
generations, sampling every 100 generations, with a ran-
dom starting tree. The first 25% of trees were discarded as
“Burn-in” and the remaining trees were used to build the
consensus tree. Tracer v1.5 (Rambaut & Drummond 2007
was used to inspect the MCMC output and to determine
convergence of the two chains. iTOL (Interactive Tree of
Life) (Letunic & Bork 2016) was used to create the tree
image.

Alternative topology testing

The approximately unbiased (AU) (Shimodaira & Hase-
gawa 1999) test was used to evaluate the p-values for the
possible (((Eastern Asian Onosma+Maharanga) Onosma
s.s.) Cystostemon) and (((Eastern Asian Onosma+Maha-
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Table 3. Results of the phylogenetic analyses with different genetic regions and different taxon sampling. Both BS (%) and PP (0-1) support values are
given for each clade. The difference between the taxon sampling of different analyses is explained in Materials and Methods. Taxon numbers are indicated
within parentheses. Empty cells indicate only one sequence was sampled. C-OG, close outgroup; D-OG, distant outgroup; X, the taxon was not recovered
as monophyletic. Tree topology: T1, (((Eastern Asian Onosma+Maharanga) Cystostemon) distantly related to Onosma s.s); T2, (((Eastern Asian Onos-
ma+Maharanga) Onosma s.s) Cystostemon)); T3, (((Eastern Asian Onosma+Maharanga) Cystostemon) Onosma s.s).

Total Total evi-

Plastid Total evi- . Total evidence,
Clade name ITS (323) ITS (555) ITS (746) (339) dence (350) evidence dence, D-OG C-0G (347)
(345) (347)
Tree topology X Tl Tl X T2 T3 T3 T3
Onosma s.s. 100; 1.00 100; 1.00 100; 1.00 X 100; 1.00 100; 1.00 93;1.00 100; 1.00
E Asian
Onosma+ 100; 1.00 100; 1.00 100; 1.00 80; 1.00 98; 1.00 97, 1.00 94; 0.96 96; 1.00
Maharanga
Maharanga 98; 1.00 98; 1.00 98; 1.00 98; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Asian Onosma 91; 1.00 87;0.98 90; 0.99 X X X X X
Alkanna 84;1.00 80; 0.95 80; 0.94 87/ 0.80 99; 1.00 99; 1.00 99; 1.00 99; 1.00
Arnebia
(excluding 4. X X X X X 87, 1.00 92;1.00 87;0.99
hispidissima)
Buglossoides X X X X X 97;1.00 87;0.96 96; 1.00
Cerinthe 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Cystostemon 92; 1.00 92;0.98 92 0.97 98; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Echiostachys 98; 1.00 95;1.00 95;0.99 62; 0.80 99; 1.00 98; 1.00 97, 1.00 98; 1.00
Echium 99; 1.00 91;0.99 91;0.99 X 92;0.99 89;0.99 92;1.00 90; 0.97
Halacsya 100; 1.00 100; 1.00
Huynhia 85;0.99 89; 1.00 89; 1.00 87;0.99 86; 0.95
Lithodora 1 99; 1.00 98; 1.00 99; 1.00 X 95; 1.00 100; 1.00 100; 1.00 100; 1.00
Lithodora 11
(including 100; 1.00 79; 0.96 75;0.95 X 100; 1.00 96; 1.00 93; 1.00 94; 1.00
Glandora)
Lithospermum 97, 1.00 93;0.99 98; 1.00 X 100; 1.00 100; 1.00 99; 1.00 100; 1.00
Lobostemon
(excluding L. 100; 1.00 99; 1.00 98; 1.00 X 97; 1.00 97, 1.00 85; 1.00 97; 1.00
trigonus)
Mairetis 100; 1.00 100; 1.00 100; 1.00 98; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Megacaryon 100; 1.00 100; 1.00 100; 1.00 92; 0.86 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Moltkia 100; 1.00 100; 1.00 100; 1.00 63;0.72 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Moltkiopsis 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Neatostema 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Paramoltkia 100; 1.00 100; 1.00 100; 1.00 X 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Podonosma 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00
Pontechium 100; 1.00 100; 1.00 100; 1.00 96; 1.00 100; 1.00 100; 1.00 100; 1.00 100; 1.00
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Dutgroup(s)-«.>

E.A.Onosma+

Cystostemon

=
=

e

Lithospermum

A. hispidissima
Huynhia

Arnebia (excluding A. hispidissima,
Megacaryon

Pontechium
Lobostemon+Echiostachys

Fig. 1. Summary of the phylogenetic tree from ML analysis of 7ps16+rnS-G+trnL+rnL-F+ITS dataset showing the phylogenetic relationships within
tribe Lithospermeae. Bootstrap support values and posterior probabilities are indicated above branches. Outgroups are indicated, Lithospermeae genera are

colour coded.

ranga) Cystostemon) Onosma s.s.) topologies resulted
from the phylogenetic analyses by W-IQ-TREE (http://ig-
tree.cibiv.univie.ac.at/, Trifinopoulos & al. 2016), and by
using the ‘-au’ option and 10,000 bootstrap replicates with
the “total evidence dataset with 350 taxa”. Note that due
to the possible problems with the ITS region (explained
below), the AU test was performed just for the two possible
topologies, indicated in Figures 2b and 2c.

RESULTS

The genus Onosma and its subsections, namely, Onos-
ma, Haplotricha and Heterotricha Riedl (1967) did not
resulte monophyletic in any of the analyses (Table 3,
Fig. 1) (Appendix 3-10). In contrast, Onosma s.s. was
monophyletic (93-100% BS, 0.99-1.00 PP) in all analyses,
except the plastid matrix analysis, where the clade was not
well-resolved

The topologies describing the phylogenetic relationships
among Eastern Asian genera Onosma, Maharanga, Onos-

ma s.s and Cystostemon differed depending on the analysis
(Table 3, Fig. 2). First, Onosma s.s. was not sister to the
Eastern Asian Onosma+Maharanga clade in neither the
ITS with 555 taxa nor the ITS with 746 taxa analyses (Fig.
2a) although note that the relationships among Onosma
s.s., Eastern Asian Onosma, Maharanga and Cystostemon
were not resolved in the ITS with 333 taxa and plastid data
analyses. Second, the “total evidence tree with 350 taxa”
analysis yielded a (((Eastern Asian Onosma+Maharanga)
Onosma s.s.) Cystostemon) topology (Fig. 2b). However, a
possible (((Eastern Asian Onosma+Maharanga) Cystoste-
mon) Onosma s.s.) relationship was recovered for the first
time here, and apart than the distant and closely related
outgroup analyses, this topology was also recovered from
the “total evidence tree with 345 taxa” analysis (Fig. 2c).

While the Eastern Asian Onosma+Maharanga clade
was strongly supported as monophyletic (94-100% BS,
1.00 PP) in all analyses, only in the ITS with 555 and 746
taxa analyses the Eastern Asian Onosma emerged mono-
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d
100% Maharanga (98% BS) ITS (555 taxa)
S4.58% East Asian Onosma (87-90% BS) ITS (746 taxa)
Cystostemon (89-92% BS)
Maharanga+ East Asian Onosma (100% BS .
b 9 (100% BS) Total evidence tree (350 taxa)

Onosma s.s. (100% BS)

Cystostemon (100% BS)

100%

Maharanga+ East Asian Onosma (94-98% BS)

Cystostemon (100% BS)

67-100%
Onosma s.s. (93-100% BS)

Total evidence tree (345 taxa)
Total evidence tree (distant OG)

Total evidence tree (close OG)

Fig. 2. Phylogenetic relationships within the Onosma s.s.+Eastern Asian Onosma +Maharanga+ Cystostemon clade with different gene and different taxon
sampling analyses. OG: outgroup, total evidence tree: rps16+trnS-G+trnL+trnL-F+ITS; a, ((Eastern Asian Onosma+Maharanga) Cystostemon) topology
(in which Onosma s.s. was not sister to this clade) recovered from two analyses, namely, ITS with 55 taxa and ITS with 746 taxa; b, (((Eastern Asian Onos-
ma+Maharanga) Onosma s.s.) Cystostemon) topology recovered from the total evidence analysis with 350 taxa; ¢, (((Eastern Asian Onosma+Maharanga)
Cystostemon) Onosma s.s.) topology recovered from three analyses, namely, the total evidence analyses with 345 taxa, distant OG analysis and closely

related OG analysis.

phyletic (87-89% BS, 0.96-1.00 PP), in the other analyses
the Maharanga samples were embedded in the Eastern
Asian Onosma. Similarly, Cystostemon (89-100% BS,
0.93-1.00 PP) and Maharanga (98-100% BS, 1.00 PP)
were also monophyletic in all analyses. In terms of the
differences between nuclear (ITS) and plastid (zrnL+trnL-
-F+trnS-G+rps16) datasets, while Onosma s.s. (100% BS,
1.00 PP), Eastern Asian Onosma (87-91% BS, 0.92—0.98
PP) was monophyletic in all ITS analyses, the clade was
not monophyletic in the plastid data analysis (Table 3).
Moreover, while the Eastern Asian Onosma+Maharanga
clade received a 100% BS and 1.00 PP in all ITS analyses,
in the plastid data analysis this clade was supported with
80% BS and 1.00 PP (Table 3).

The AU test showed that the (((Eastern Asian Onos-
ma+tMaharanga) Onosma s.s.) Cystostemon) was rejec-
ted (p-value = -0.00133), but the (((Eastern Asian Onos-
ma+Maharanga) Cystostemon) Onosma s.s.) topology was
overwhelmingly supported (p-value = 0.999) (Table 4). In
terms of outgroups (tribe Lithospermeae) Arnebia Forssk.
(excluding A. hispidissima (Lehm.) A.DC.) and Buglossoi-
des Moench. were monophyletic only in the total evidence
analyses with 345 taxa (total evidence analyses with dis-
tant and closely related outgroup analyses) (Table 3). One
Aegonychon sample was embedded within the Buglossoi-
des samples, one Macrotomia sample also rendered Arne-

bia non-monophyletic in the remaining trees (i.e., three
ITS analyses, and total evidence analysis). The remaining
genera of Lithospermeae were only non-monophyletic in
the plastid data analyses (unresolved) (Table 3).

DISCUSSION

To date, the current study is the first to encompass not only
the widest taxon coverage in the tribe Lithospermeae, but also
the Eastern Asian Onosma+Maharanga+ Cystostemon clade.
The results clearly show that the phylogenetic relationships
within the clade are clearly dependent on changes in taxon,
gene and outgroup sampling (Table 3, Fig. 2). For instance,
the “total evidence with 350 taxa” analysis yielded a topo-
logy, (((Eastern Asian Onosma+Maharanga) Onosma s.s.)
Cystostemon), similar to the molecular dating analysis of total
evidence tree of Chacon & al. (2019). However, this topolo-
gy is rejected by the AU test (p-value = -0.00133) (Table 4,
Fig. 2). On the other hand, the results of AU test overwhel-
mingly supported the (((Eastern Asian Onosma+Maharanga)
Cystostemon) Onosma s.s.) topology (p-value = 0.999) which
was recovered from the distant and closely related outgroup
analyses, and the “total evidence tree with 345 taxa” analysis
(Table 4, Fig. 2), a topology never reported before.

Apart from the molecular data here presented, except
for the corolla morphology, Cystostemon shares great
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Table 4. Topology test results of two phylogenetic relationships (topolo-
gies) of Onosma, Maharanga and Cystostemon (p-value < 0.05 indicates
statistical rejection). AU: approximately unbiased.

AU test  Significantly
Topology logl. p-values worse
(((Eastern Asian
Onosma+Maharanga) 39593 6058 -0.00133 YES
Onosma s.s.)
Cystostemon)
(((Eastern Asian
OnosmatMaharanga) 30400 53477 0,999 NO

Cystostemon) Onosma
S.8.)

morphological similarities with Onosma and Maharanga
(Cohen 2014). However, whether genus Onosma is not
monophyletic, or the genus should be extended to include
Maharanga and maybe Cystostemon, or the “O. rostellata
and Sino-Indian Onosma +Maharanga” constitutes a diffe-
rent lineage are questions that remain unanswered (Cohen
2014; Chacén & al. 2019; Nasrollahi & al. 2019). The main
obstacle to make a taxonomic decision is that the taxon
sampling of these clades is still very limited in each of the
above-mentioned studies and the present one. Any further
phylogenetic analyses for taxonomic rearrangement should
include more Eastern Asian Onosma, Maharanga and Cys-
tostemon samples and perhaps more genetic regions. For
instance, the genus Maharanga comprises around 10 spe-
cies and Cystostemon includes 16; yet sequences from only
two and four species, respectively, are currently available
in GenBank. Similarly, for the Eastern Asian Onosma, ex-
cept O. hookerii (seven individuals), only a few (one to
three) sequences have been published. These limitations
highlight the importance of taxon sampling in phyloge-
netic studies as have been indicated before (Zwickl & al.
2002; Heath & al. 2008).

Another unresolved question addressed here is whe-
ther the Eastern Asian Onosma species are monophyle-
tic or not. On one hand, ITS analysis of Nasrollahi & al.
(2019) and plastid/ITS analyses of Chacon & al. (2019)
revealed a non-monophyletic Eastern Asian Onosma
(Maharanga samples embedded in the clade); on the
other hand, the ITS analysis of Cecchi & al. (2011) and
molecular dating analysis of Chacon & al. (2019) with
ITS+ trnL-F+rps16+trnS-trnG data yielded a mono-
phyletic Eastern Asian Onosma clade. The results are
equivocal in the present study (Table 3, Fig. 2). Eastern
Asian Onosma may indeed include Maharanga, becau-
se the two genera share great morphological similari-
ties other than corolla and anther morphology (Zhu &
al. 1995); however, these results may be a consequence
of sampling gaps, or the known problems associated to

the ITS region, such as, concerted evolution, paralogy,
gene duplication and incomplete lineage sorting (Alvarez
& Wendel 2003). Although these issues have never been
reported for Boraginaceae (Cecchi & al. 2011); it is still
possible that ITS data problems may be responsible for
these peculiar phylogenetic relationships. Similarly, as in
the previous studies in tribe Lithospermeae (e.g., Cecchi
& Selvi 2009; Weigend & al. 2009; Cecchi & al. 2014;
Coppi & al. 2015), the results of this study have possibly
indicated that the relatively low number of parsimony-in-
formative characters of the plastid data matrix (24%) cau-
sed the phylogenetic uncertainties, and therefore, limi-
ted-plastid data may not be informative enough to solve
the genus Onosma and tribe Lithospermeae phylogenetic
relationships.This was already pointed out byNasrollahi
& al. (2019) who suggested to use “fast evolving genes”
for future phylogenetic studies of Onosma. Unfortunately
the results of the present study hint that even these types
of genes may not be enough to solve the phylogenetic
inconsistency, due to the reason of the effect of taxon
sampling on the group phylogeny and possible complex
evolutionary histories of both clades (Nasrollahi & al.
2019). Besides, morphological characters may also not be
helpful to answer the phylogenetic questions within the
genus (i.e., similar morphologies of Onosma, Maharanga
and Cystostemon), even when they are supported by mo-
lecular data. Thus, both the data and taxon sampling (i.e.,
both the ingroup and outgroup) hold great importance in
Onosma phylogenetic analyses.

While Nasrollahi & al. (2019) reported a monophyle-
tic position for Onosma hookeri and to date only one O.
sinicum Diels sample was included in the previous studies
(e.g., Chacon & al. 2019), the analyses of the current study
showed that neither O. sinicum nor O. hookeri are mono-
phyletic (Fig. 1). Indeed, misidentifications are common in
Boraginales (Dr. Asli Dogru Koca, pers. comm.) and the
amount of wrong identifications in voucher specimens is
reported to be very high in public molecular repositories
(Nilsson & al. 2006; Wu & al. 2021). In the current study,
I did not filter GenBank sequences by their reliable IDs
or deposited voucher numbers. Indeed, this could be one
of the reasons for the non-monophyly of these taxa. For
example, a quick survey has shown that among the 746 ITS
sequences included in the current study, only 489 of them
(~66%) have their voucher numbers included in GenBank
(results not shown). Although a voucher specimen will not
guarantee a correct identification it provides scientific re-
liability and possibility of verification in the future (Wu
& al. 2019). Therefore, future studies should be mindful
about possible wrong identifications while adding Gen-
Bank sequences in their datasets.

The monophyly of most outgroup genera was well su-
pported (Table 3). However, future studies aiming to eva-
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luate the phylogenetic relationships within tribe Lithos-
permeae should be aware of including a more thorough
sampling, particularly from genera Buglossoides, Arnebia,
Halacsya, Macrotomia, Stenosolenium and Aegonychon.

The causes for phylogenetic incongruency reported
for many angiosperm clades such as, Fabales (Aygoren
Uluer & al. 2020a), Saxifragales (Jian & al. 2008), tribe
Lithospermeae (Cohen 2011) and tribe Mirbelieae (Barret
& al. 2021), can be explained by several non-exclusive re-
asons, such as, rapid radiation of the clade (e.g., Cohen
2011), inadequate data (Zeng & al. 2017), long branch
attraction (LBA) (e.g., Qiu & al. 2001), conflicting gene
trees (e.g., Yang & al. 2013), effect of outgroup sampling
(e.g., Smith 1994; Aygoren Uluer & al. 2020b), reticula-
te events (e.g., hybridization, introgression and horizontal
gene transfer, incomplete lineage sorting) (e.g., Solis-Le-
mus & Ané 2016) and/or stochastic noise.Further studies
with a comprehensive ingroup and in outgroup sampling
may answer possible causes for the phylogenetic problems
among Onosma, Cystostemon and Maharanga. Therefore,
future studies should increase the amount of data, if not the
use of whole genome sequencing, the use of wide-genome
RAD-seq data. Certainly, an increased taxon sampling of
Turkish Onosma species, Eastern Asian Onosma species,
Cystostemon and Maharanga should be a priority in future
molecular studies.
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