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Abstract

We study the phylogeography of the series Fissa species in the Iberian Peninsula. This
group constitutes a complex formed by three Iberian endemic and threatened taxa with
restricted distribution ranges and relatively small population sizes. We amplify and sequence
two plastid regions, trnS-trnG and psbA-trnH from 15 sampling locations (n = 45). A total of
15 haplotypes are detected. The median-joining phylogenetic network shows two main
haplotype lineages: one western corresponding to the western taxon, D. fissum subsp.
sordidum, and the other eastern corresponding to eastern taxa D. bolosii and D.
mansanetianum. AMOVA analysis with 94.32% of the total variation and SAMOVA analysis
with a Fct value of 0.943 support the presence of these well-defined lineages. We report high
values of total gene diversity (ht = 0.959). Haplotype diversity within populations is low (hs =
0.311). On the contrary, differentiation among populations (Gst = 0.675) and Fixation Index
(Fst = 0.989) are high. These values mean that gene flow among populations is limited.
Estimation of divergence times show that the split between D. fissum subsp. sordidum and the
two other taxa (D. bolosii and D. mansanetianum) took place during the transition between
Pliocene and Pleistocene (approximately 2.67 Ma). Negative Tajima’s D-values test (Tajima’s
D = -0.108, P > 0.1) and unimodal mismatch distribution suggest expansion range for D.
fissum subsp. sordidum. We advocate to draw up recovery plans for series Fissa species in the

Iberian Peninsula, especially for D. fissum subsp. sordidum.
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Introduction

Delphinieae Warming (Ranunculaceae L.) is a tribe mainly of holarctic distribution,
ranging from the Mediterranean basin to Korea, Japan, Siberia and North America, with a few
perennial species occurring in the tropics: South India (Billore and Singh 1972) and West and
East tropical Africa (Milne-Redhead and Turrill 1952; Chartier et al. 2016). This tribe
comprises four genera —Delphinium L. (included Consolida (DC.) S.F. Gray and Aconitella
Spach), Aconitum L., Staphisagria J. Hill and Gymnaconitum (Stapf) Wei Wang & J.D.
Chen— and 650-700 species that correspond to approximately 25% of all Ranunculaceae
species (Tamura 1993). Its center of origin is found in South-western China and the Eastern
Himalayas, dispersing into the Western Mediterranean basin during the Messinian Salinity
Crisis following putative migration patterns pointed out by Bocquet, Wilder, and Kiefer
(1978). As a result of such shifts, a few species colonised the Iberian Peninsula, one of the

extremes of its distribution range (Blanché 1991).

The series Fissa B. Pawl of the genus Delphinium is a group with oriental affinities
that consists of three endemic and perennial taxa in the Iberian Peninsula. (1) Delphinium
fissum subsp. sordidum (Cuatrec.) Amich, E. Rico & J. Sanchez has the broadest distribution
area and is found mainly in the central-western Iberian Peninsula, with a disjunct population
in Sierra Magina (Jaén Province). The subspecies is included in the Red List of Spanish
Vascular Flora 2008 (Bafares et al. 2008) under the category EN B2ab(v)c(iv); C2b. At
regional level, this subspecies is protected in four Autonomous Communities, with the
category “in danger of extinction” in Castile & Leon (BOCYL 2007) and Castile-La Mancha
(DOCM 2001), “Special Interest” in Extremadura (DOE 2001) and “Vulnerable” in Andalusia
(BOJA 2012). (2) Delphinium bolosii C. Blanché & Molero is endemic to Catalonia and is
categorized as EN Blab(iii,iv,v) + 2ab(iii,iv,v); C1 in Baiares et al. (2008) and “in danger of
extinction” in the catalogue of threatened flora of Catalonia (DOGC 2008). (3) Delphinium
mansanetianum Pitarch, Peris & Sanchis has the narrowest distribution area with only one
small population in the locality of Mosqueruela (Teruel Province) containing a low number of

reproductive individuals. It has not yet been included in any red list (Pitarch Garcia 2002).
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The taxonomic key for the identification of this group is based on a combination of
morphological and cytogenetic characters (Blanché and Molero 1986; Pitarch Garcia 2002)
but this is not sufficient to clearly differentiate the species of the series Fissa. Molecular data
may be useful to unravel the historical processes and evolutionary relationships between
them. Until now, genetic studies about the series Fissa species have been limited. The
methodology used was based on allozymes (Orellana et al. 2007) or a combination of
allozymes and chloroplast DNA (cpDNA) markers (Lopez-Pujol et al. 2014; Bosch et al.
2019). Since then, new scientific data are available. As such, the number of known
populations has been increased for D. bolosii (Blanché and Bosch 2015) and D. fissum subsp.
sordidum (Ramirez-Rodriguez and Amich 2014; Ramirez-Rodriguez et al. 2016, 2017). A
more complete phylogeographic study should provide further insights into the phylogeny of
the series Fissa species using cpDNA sequencing, a molecular marker characterized by its
maternal inheritance, absence of recombination, and high level of genetic diversity (Wheeler

etal. 2014).

The main aim of this study was to shed more light on the phylogeography and
evolutionary history of the series Fissa in the Iberian Peninsula using cpDNA markers. We
aimed to: (1) infer the phylogenetic relationships and phylogeographical patterns; (2) provide
new data about the unclear taxonomic position of the Iberian System populations; and (3)
propose conservation measures and strategies, prioritising in those populations with a unique
genetic constitution and/or high genetic diversity, taking into account their current

conservation status.

Materials and methods
Sampling and DNA extraction

We sampled 45 individuals from a total of 15 locations (three individuals per
location): Delphinium fissum subsp. sordidum (9), D. bolosii (5) and D. mansanetianum (1)
(Table 1; Figure 1). Wherever possible, transects made in collecting specimens were
sufficiently far apart to avoid sampling very closely related individuals. Only 1 or 2 leaves

were collected to avoid damaging specimens.

DNA was extracted from silica gel dried leaves using the 2 x cetyltrimethylammonium
bromide (CTAB) method (Doyle and Doyle 1987). Total DNA extracts were quantified using
a Nanodrop 2000 spectrophotometer. Two plastid regions, trnS-trnG and psbA-trnH, were
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amplified and sequenced using the primers trnS (GCU)-trnG (UCC) (Hamilton 1999),
psbA3 f (Sang, Crawford, and Stuessy 1997) and trnHf 05 (Tate and Simpson 2003).
Polymerase chain reactions were conducted in 50 pl volumes containing approximately 20 ng
of genomic DNA, 0.2 mM of each dNTP, 2.5 mM MgClz, 2 units of Tag polymerase
(Biotools, Madrid, Spain), the buffer provided by the manufacturer, oligonucleotide primers
at a final concentration of 0.4 mM and ddH:O to the final volume. They were performed in an
Eppendorf Mastercycler using the following program: 94 °C for 5 min, 35 cycles of 94 °C for
30 s, 52 °C for 30 s, 1 min at 72 °C, with a single final extension step of 72°C for 8 min.
Amplified products were sent to Macrogen Inc. (Korea) for sequencing. Two ml of the
amplification products were visualized on a 1.5% agarose gel, and successful amplifications
were cleaned with a GenElute PCR clean-up kit (Sigma-Aldrich). The sequencing was
performed with the BigDye Terminator Cycle Sequencing Ready Reaction (Applied
Biosystems, Foster City, California) using amplification primers. Finally, amplified products

were analysed on an ABI automated sequencer using the Sanger method.
Haplotype network analysis

All sequences were aligned with Clustal-W and then checked manually. GenBank
accession numbers are listed in Table S1. The evolutionary relationships between haplotypes
and concordance with taxonomic treatment were assessed by constructing a Median Joining
network (Bandelt, Forster, and Rohl 1999) using the Pop Art 1.7 software (Leigh and Bryant
2015).

Population genetic analyses

For population genetic analyses, population subdivision was first performed using
SAMOVA 1.0 to define groups of locations that are geographically homogeneous and
genetically differentiated from each other (Dupanloup, Schneider, and Excoffier 2002).
Parameters of within-population diversity (hs), total gene diversity (hr), and genetic
differentiation (Gsr) at species and group levels, as well as those of population subdivision for
phylogenetically ordered alleles (Nst), and the fixation index (Fst) were estimated for the
whole set of haplotypes and the groups depicted by SAMOVA. These parameters were
calculated with PERMUT (Pons and Petit 1996). The mean of the permutated values is used
to test if the observed Nsr value is larger than Gsr. The test is significant when less than 5% of

permutated values is less than the observed value of Nsr. DnaSP v.5 (Librado and Rozas
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2009) estimated the molecular diversity, including the number of segregating sites (S),
number of haplotypes (Nu), haplotype diversity (hp), and nucleotide diversity (Pi). Genetic
structure analysis was performed using analysis of molecular variance (AMOVA) to estimate
differentiation within and among populations and among the subdivisions which had been
detected (Excoffier, Smouse, and Quattro 1992). These analyses were performed using the
program ARLEQUIN v.3.5 (Excoffier and Lischer 2009), with significance tests by 10,000

permutations.
Population history dynamic analyses

Neutrality tests to estimate Tajima's D (Tajima 1989) and Fu and Li's D and F
statistics (Fu and Li 1993) were conducted using DnaSP v.5 (Rozas et al. 2003) to test for
evidence of population expansion or selection in the cpDNA. If these values showed a
significantly (P < 0.01) positive or negative value, we could infer that the populations of that
species had experienced a bottleneck or range expansion, respectively. Mismatch distribution
analysis was performed using DnaSP v.5 based on pairwise nucleotide differences between

any two individuals within a group.
Molecular dating estimation

Previous phylogenetic studies have revealed that Delphinium subg. Delphinastrum has
a close relationship with the genus Consolida (Jabbour and Renner 2011; Zhang and Zhang
2012). Based on fossil-calibrated molecular dating in a previous study, two reference dates
were used to calibrate our molecular clock: (1) the split between Consolida and its
Delphinium sister clade (Delphinium subg. Delphinastrum) was dated to 21.7 £ 3 Ma
(Jabbour and Renner 2011), and (2) the diversification of five major clades in Consolida
began at approximately 8.8 (6.2 — 11.8) Ma (Jabbour and Renner 2011). For our dating
approach, five species of Delphinium subg. Delphinium, five species of Consolida, two
species of the Delphinium naviculare group and one species of Aconitum were used as
outgroups (Jabbour and Renner 2011; Zhang and Zhang 2012) (Table S2).

To obtain an estimate of divergence times among cpDNA haplotypes and the
substitution rate for the cpDNA regions (trnS—trnG and psbA-trnH), a Bayesian relaxed
molecular clock approach was implemented in BEAST version 1.8 (Drummond and Rambaut
2007). BEAST was run under the Yule model. We selected the GTR substitution model using
empirical base frequencies. A Markov Chain Monte Carlo (MCMC) approach was conducted
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with a coalescent-based tree estimation due to the recent temporal relationship of the species.
MCMC chains were run for 50,000,000 generations, sampling every 1000 generations. The

combined parameters were checked in Tracer version 1.4 (Rambaut and Drummond 2007).
Results
Geographical distribution and phylogenetic relationships of haplotypes

Alignment of the 45 individuals yielded sequences reaching 983 nucleotides (262
nucleotides, psbA-trnH; 721 nucleotides, trnS-G). For both sequences 14 mutations and 7
insertions or deletions were detected. A total of 15 different haplotypes were identified from
15 analysed populations (Table 1; Figure 1). No haplotypes were shared between the studied
taxa. The median-joining network revealed two well-defined haplotype lineages (Figure 2).
The western group of haplotypes (8) corresponded to D. fissum subsp. sordidum and the
eastern group of haplotypes (7) corresponded to D. bolosii and D. mansanetianum (Figures 1
and 2). Eight populations had only one haplotype, whereas the remaining seven showed two
distinct haplotypes. For D. fissum subsp. sordidum, the most frequent haplotypes were H4 and
HS, the latter occupied a central position and is positioned as internal node in the haplotype
network, distributed along the Central System, reaching the northern sub-plateau (Figures 1
and 2). In the case of D. bolosii, the most frequent haplotype was H14 shared by two
populations located in the Iberian System (Figures 1 and 2). Interestingly, the haplotypes H2
and H3 were, among the haplotypes detected for D. fissum subsp. sordidum, the closest ones
to D. bolosii (Figure 2).

Population genetic analyses

SAMOVA revealed the presence of four groups: (1) VDA, RSV, HER, BEJ, MAS,
ADR, MSA; (2) VIL, MAG; (3) COR, TORI1, TOR2; and (4) RUB, ULL, MOS. The
differentiation among groups (Fcr) was 0.943. Within-population gene diversity (hs) was
0.311, whereas genetic differentiation (Gst) was 0.675, and Nst was significantly higher than
Gsr (0.948), which indicated a phylogeographic structure of the haplotype distribution in both
taxa. Fst was 0.989 and hr showed a value of 0.959 (Table 1). Haplotype diversity (hp) was
0.921 and nucleotide diversity (Pi) 0.00622 (Table 1). When the two different lineages (D.
fissum subsp. sordidum vs D. bolosii and D. mansanetianum) were considered separately, the
number of segregating sites (S) were eight and ten. Hp values were 0.847 and 0.858 and Pi

values were 0.002 and 0.004, respectively. AMOVA results showed that 94.32% (P < 0.001)
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of the total variation occurred between these two predefined lineages, while only 4.67% of

variation was distributed among populations within the groups.
Population history dynamic analyses

When the whole set of haplotypes was considered, neutrality tests displayed positive
non significant values (Fu and Li’s D =1.013, Fuand Li’s F = 1.011, Tajima’s D = 0.542; P >
0.10). When both tests were applied to the two lineages separately, only Tajima’s D test
showed negative values, though non significant, for D. fissum subsp. sordidum (Tajima’s D =
- 0.108, P > 0.1), suggesting population expansion. Mismatch analysis pointed to the
distribution of pairwise differences being unimodal only for D. fissum subsp. sordidum
populations, suggesting range expansion (Figure 3). The divergence between D. fissum subsp.
sordidum and the two other species (D. bolosii and D. mansanetianum) occurred during the
late Pliocene and early Pleistocene 2.67 Ma ago (95% HPD: 1.19 - 4.51) (Figure 4). The split
of haplotypes for D. fissum subsp. sordidum (1.61 Ma; 95% HPD: 0.55 —2.93) and D. bolosii
together with Delphinium mansanetianum) (1.52 Ma; 95% HPD: 0.58 — 2.65) began in the
early Pleistocene during the Calabrian stage (1.806 - 0.781 Ma). The diversification events
took place mainly in the mid-Pleistocene during the Ionian stage (0.781 - 0.126 Ma) (Figure
4).

Discussion
Geographical distribution and phylogenetic relationships of haplotypes

Phylogenetic analysis showed two main haplotype lineages: one western Iberian
corresponding to D. fissum subsp. sordidum, and the other eastern corresponding to D. bolosii
and D. mansanetianum. Likewise, AMOVA and SAMOVA analyses supported these two
well-defined lineages, since almost all the variance (94.32%) occurred between them, with a
Fcr value of 0.943. In this way, our phylogenetic results are in line with the results provided
by other phylogenetic studies (Orellana et al. 2007; Lopez-Pujol et al. 2014; Bosch et al.
2019). Another point worth mentioning is the phylogenetic position of the populations located
in the Iberian System, including to D. mansanetianum, which are genetically more related to
D. bolosii than D. fissum subsp. sordidum. Bosch et al. (2019) pointed that D. mansanetianum
has genetic affinities with the COR population, reported as D. fissum subsp. sordidum (Mateo
Sanz and Pisco Garcia 1993). In contrast, both populations shared the same haplotype with D.

bolosii populations and the first genetic barrier detected clearly separated to COR population
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from the remaining studied populations of D. fissum subsp. sordidum (see Bosch et al. 2019).
To clarify such inconsistency, new morphological and environmental findings, which sustain

our genetic results, will be soon published (Ramirez-Rodriguez et al. unpubl.).

The VIL and MAG populations of D. fissum subsp. sordidum share the haplotype H2
which is phylogenetically close to D. bolosii (Figure 2), being a putatively ancient haplotype
which could have been fixed by incomplete lineage sorting when a Delphinium ancestor
diverged into two well-defined lineages. The present disjunct distribution of D. fissum subsp.
sordidum can be explained by a combination of progressive and long-distance dispersal
events from the Central System and Iberian System to Sierra Mégina (see also Bosch et al.
2019). The most widespread and dominant haplotypes were H4 and HS, corresponding to
Delphinium fissum subsp. sordidum. The latter occupied a central phylogenetic position
within the haplotype network (Figure 2), in accordance with coalescent theory (Fu and Li
1999). A westward migration of D. fissum subsp. sordidum along the Central System and
northward may have ocurred, supported by a negative Tajima’s D-values test (Tajima’s D = -
0.108, P > 0.1) and unimodal mismatch distribution (Figure 3). In so doing, it reached the
region of the Arribes del Duero, which has unique environmental conditions (mesoclimates)
caused partly by its complex orography (Calonge Cano 1990). Isolated, the haplotype H4 was
preserved in the MAS population. The VDA, ADR and MSA populations, located in
peripheral areas of the species range, show exclusive haplotypes (H1, H6 and H7/HS,
respectively) positioned as tip nodes in the haplotype network (Figure 2). This is in

accordance with recent colonisation events, as shown in Figure 4.

We reported high values of total gene diversity (hr = 0.959) among 15 populations
selected in our study. The haplotype distribution (Figure 1) showed that eight populations
(four Delphinium fissum subsp. sordidum and four D. bolosii) contained a single haplotype,
indicating a great geographic affinity and marked differentiation through distinct evolutionary
processes. Haplotype diversity within populations was low (hs = 0.311). In contrast,
differentiation among populations (Gst = 0.675) and the Fixation Index (Fst = 0.989) were
high as welll as Nsr (0.948) was higher than Gsrt. These values indicate that gene flow
between populations is limited and the mutation rate is higher than the dispersal rate. In this
sense, higher mutation rates are associated to greater diversification rates (in-situ
diversification) and low dispersal rates limit the ability to successfully disperse to a suitable

habitat when the conditions become unfavourable.
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Gene flow among populations depends on pollen and seed dispersal (Petit, Kremer,
and Wagner 1993). The species of the series Fissa are mainly pollinated by Hymenoptera
(specially Bombus terrestris and B. pascuorum) and Lepidoptera (specially Macroglossum
stellatarum) (Orellana et al. 2008; Ramirez-Rodriguez and Amich 2017). Maximum foraging
distances of Bombus spp. range between 550 - 2800 m (Zurbuchen et al. 2010). In contrast,
maximum foraging distances of Macroglossum stellatarum are up to 32 km (Stockhouse
1973). As a consequence, M. stellatarum might contribute significantly to long-distance gene

flow, at a nuclear level, among populations (Canovas et al. 2017).

Seeds of the series Fissa species lack adaptive structures for wind dispersal. Seed
dispersal occurs by boleochory. Secondary seed dispersal mechanisms may include wind
(other than in boleochory) and by animals. Animal trampling or wind force can provoke a
catapult effect, throwing the seeds up to 5 metres from the mother plant (Blanché 1991).
Long-distance seed dispersal events seem unlikely to occur. However, if they do occur
occasionally this may be due to domestic herbivores, wild herbivores or wind (Melendo, pers.

com.).
Divergence time estimation

Delphinium fissum or an ancestor of this species might have arrived in the Western
Mediterranean from Central Asia during the Messinian salinity crisis (6 - 5.3 Ma), as
mentioned by Orellana et al. (2007). It expanded from the Maritime Alps to the Iberian
Peninsula, crossing the Pyrenees which was not a strong barrier like the Alps (Hewitt 2000).
Range expansions within the Iberian Peninsula may follow the post-Messininan migration
patterns proposed by Bocquet, Wilder, and Kiefer (1978). The species might have found
suitable conditions in the north-eastern Iberian Peninsula where there was high annual rainfall

(~700 - 900 mm) in contrast with the general warm and dry conditions (Fauquette et al. 2006).

The split between D. fissum subsp. sordidum and the two other species (D. bolosii and
Delphinium mansanetianum) took place during the transition between Pliocene and
Pleistocene 2.67 Ma ago (Figure 4), in the late Neogene when climate experienced the onset
of a cooling process. As a consequence, the distribution range of D. fissum or an ancestor
could firstly have been divided. In the course of time, the separated areas could have given
rise to two genetically distinct groups by allopatric speciation. The Iberian System could have

acted as geographical and ecological barrier delimiting such vicariant areas: one in the
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northeastern Iberian Peninsula characterized by having calcareous soils and oceanic temperate
and Mediterranean climates, and the other in the central-western characterized by having
acidic soils and continental Mediterranean climate. Some individuals managed to cross the
Iberian System and spread towards the western region of the Iberian Peninsula. Edaphic
adaptation, from calcareous soils to acidic soils, coud be one of the evolutionary drivers in the
speciation process. Consequently, the populations of the central-western Iberian Peninsula
differentiated to D. fissum subsp. sordidum. Subsequently, the MAG population may originate
by progressive and long-distance dispersal events from Central System and Iberian System to

Sierra Magina (see Bosch et al. 2019).
Implications for conservation

The species of Delphinium ser. Fissa do not differ substantially in terms of ecology,
morphology and cytogenetics. They are especially similar genetically as one can produce
hybrids under greenhouse conditions (Bosch 1999). Such characteristics suggest that they
have incurred a relatively recent speciation process, without enough time to differentiate (see
also Orellana et al. 2007; Bosch et al. 2019). When dealing with this kind of taxa,
identification is not as easy as with other taxa where clear differences are evident. This is
illustrated by several misidentified cases for series Fissa species in the Iberian Peninsula
(Blanché 1985; Ascaso and Pedrol 1991; Martin-Blanco and Carrasco 1997) with the
subsequent corrections (Carrasco, Martin-Blanco, and Blanché 2003; Simon et al. 1995;
Martin-Blanco and Carrasco 2001, respectively). The populations of the Iberian System,
including D. mansanetianum, are being reviewed and could be new cases of misidentified

populations in a near future (Ramirez-Rodriguez et al. unpubl.).

The fixation index (Fsr) and the parameter of within-population diversity (hs) can also
indicate the deleterious effects of drift load (Keller and Waller 2002) and inbreeding load
(Jaquiéry, Guillaume, and Perrin 2009), respectively. Our results reveal a significant genetic
drift and/or inbreeding extinction risk, and therefore, they suggest a need for protection. As
such, we recommend the focusing of the conservation efforts on MSA, VDA, ADR, VIL and
MAG populations for D. fissum subsp. sordidum, COR, ULL and RUB populations for D.
bolosii and MOS for D. mansanetianum which display endemic haplotypes, and prioritise
those more susceptible to the effects of genetic drift and inbreeding due to fragmentation,

isolation and small population sizes (Schemske et al. 1994). If these populations become
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extinct, the loss of genetic diversity and evolutionary potential for the series Fissa species

would be significant.

For D. fissum subsp. sordidum populations, the MSA population has an important
number, at least, of reproductive individuals and its habitat is predominantly constituted with
well-conserved Quercus ilex forests, which might potentially be affected by fires. However, it
represents the only population in Portugal whose conservation status is CR “critically
endangered” and no conservation measures have been implemented so far (Ramirez-
Rodriguez et al. 2017). Therefore, conservation strategies should be adopted immediately.
The VDA population is much larger than ADR but it is subject to a greater number of
anthropic threats (Ramirez-Rodriguez and Amich, in press). Even so, monitoring and
conservation measures should focus on ADR due to its small population size, the negative
impact of wild animals, the limitation of pollinators and low seed production (Ramirez-
Rodriguez and Amich 2017). RSV, MAG and VIL populations can be seriously affected by
herbivores. MAG has the largest population size, followed by RSV and finally VIL. Large
population size can help to maintain population fitness and genetic diversity (Reed 2004). In
the first 2 populations, herbivores access is limited by metal fence. In VIL, at present, no
conservation measures have been adopted. We recommend immediate implementation of
metal fencing to restrict herbivore access and avoid losing this population that is critically
threatened (Ramirez-Rodriguez et al. 2016). In the case of the HER population, a high
inbreeding rate was reported by Orellana et al. (2007) due to small population size with a very
limited number of reproductive individuals. Urgent conservation measures should be taken to
avoid its upcoming extinction. Definitely, recovery plan for D. fissum subsp. sordidum should
be drawn up including in situ and ex situ measures not only at the regional level, as in the case

of COR population (DOCM 2002), but also at peninsular level.

By comparison, some of the populations of D. bolosii (RUB and ULL) have large
population sizes with over 1000 individuals (Bosch et al. 1998; Orellana et al. 2007). This is
also the case for populations of the Iberian System (COR, TOR1 and TOR2) (Herranz,
Ferrandis, and Martinez-Duro 2010; Ramirez-Rodriguez et al. unpubl.). Although the
population size was low (only 26 reproductive individuals) in MOS for 2005 (Bosch et al.
2005), this information is actually scarce. We propose to increase the monitoring efforts in
this area and adjacent areas in order to discover more populations and obtain more

information concerning D. mansanetianum. Overall, large population sizes and a dysploid
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condition (2n = 18) of D. bolosii might explain higher values of genetic diversity than D.
fissum subsp. sordidum (Orellana et al. 2007; Bosch et al. 2019). From the data provided in
this study, conservation measures and the recovery plan, already reported by Bosch et al.

(1998, 2006), should be updated for D. bolosii.

Ex situ conservation measures are similar for most plant species. For series Fissa
species in the Iberian Peninsula it would be advisable to gather seeds in those populations that
contain unique haplotypes and/or are present in small population sizes with actual and
potential threats, for example MSA, VDA, ADR, VIL, HER and MAG for D. fissum subsp.
sordidum, COR, ULL and RUB for D. bolosii and MOS for D. mansanetianum. Seeds should
be stored in suitable germplasm banks, at the University of Salamanca and the University of

Barcelona, in order to preserve their genetic diversity and evolutionary potential.
Conclusion

Phylogeographic analyses using cpDNA reveal two main haplotype lineages: one
western Iberian corresponding to Delphinium fissum subsp. sordidum, and the other eastern
corresponding to D. bolosii and D. mansanetianum. The phylogenetic position of the
populations of the Iberian System, including D. mansanetianum, is genetically closely related
to D. bolosii. Vicariance is assumed to be the main process to account for the present
distribution and speciation of species of the series Fissa in the Iberian Peninsula whereas the
disjunct distribution of D. fissum subsp. sordidum may be explained by a combination of
progressive and long-distance dispersal events from the Central System and Iberian System to
Sierra Mégina. Although the split of these well-defined lineages occurred during the late
Pliocene and early Pleistocene 2.67 Ma ago, their speciation process was relatively recent.
Conservation measures, both in situ and ex situ, are required for series Fissa species in the

Iberian Peninsula, including such conservation proposals in recovery plans.
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Table 1. Population names, code of population (COD), coordinates (UTM 10x10) (coor.), elevation

(m.a.s.l.) (Elev.), haplotype diversity (hp), within-population diversity (hs), total gene diversity (hr),

nucleotide diversity (Pi), Fixation Index (Fsr), genetic differentiation between populations (Gsr and Nsr)

for the studied populations of the series Fissa species: D. fissum subsp. sordidum (Dfs), D. bolosii (Db)

and D. mansanetiaum (Dm).

: 9

Population COD Coor. Elev. Haplotype hp hs hr Pi Fst  Gsr  Nst
Teso de San Cristobal, Villarino de
Dfs VDA 29TQF17 660 H1 0 0
los Aires, Salamanca
Dfs Sierra de Magina, Jaén MAG 30SVGs57 1707 H2, H3 0,6667 0,00068
Sierra de San Vicente, El Real de
Dfs RSV 30TUKS4 1130 H4 0 0
San Vicente, Toledo
Tranco del Diablo, Béjar,
Dfs BEJ 30TTK67 810 H4, H5 0,6667 0,00068
Salamanca
Dfs Hervas, Caceres HER 30TTKSS5 1003 H4, H5 0,6667 0,00068
Los Cefos, Aldeadavila de la
Dfs ADR 29TQF06 480 H6 0 0
Ribera, Salamanca
Minas de Santo Adrido,
Dfs Cagarelhos, Vimioso, Braganca, MSA 29TQG10 590 H7, H8 0,6667 0,00068
Portugal
Cascada del Pinero, Masueco de la
Dfs . MAS 29TQF06 480 H4, H5 0,6667 0,00068
Ribera, Salamanca
Puerto de Villatoro, Villatoro,
Dfs . VIL 30TUKI18 1400 H2, 0 0
e
Population of
0,847 037 0,898 0,00213 0,588 0,806
Dfs
Db Ulldemolins, Priorat, Tarragona ULL 31TCF27 630 HI11 0 0
Db Rubio6 de Baix, La Noguera, Lérida  RUB 31TCG34 290 HI2,HI3  0,6667 0,00068
Barranco de la Hoz, Corduente,
Db COR 30TWLSI1 1050 HI10 0 0
Guadalajara
Rio Gallo, Dehesa Boyal,
Db TOR1 30TXL11 1235 H14 0 0
Tordellego, Guadalajara (1)
Rio Gallo, Dehesa Boyal,
Db . TOR2 30TXL11 1246 H14,HI5  0,6667 0,00068
Tordellego, Guadalajara (2)
Masia Matorrilo, Mosqueruela,
Dm MOS 30TYK17 1640 Hl6 0 0
Teruel
Populations of
Db 0,858 0,222 0,956 0,00432 0,767 0,953
TOTAL 0,921 0311 0,959 0,00622 0,989 0,675 0,948




Table S2. Sequences of the trnS-trnG plastid region were downloaded from the GenBank database, for

those species which were used to calibrate the molecular clock.

Species trnS-trnG genbank accession
Aconitum gymnandrum JF331856
Aconitella aconiti JF331810
Consolida flava JF331825
Consolida mauritanica JF331833
Consolida regalis JF331842
Consolida orientalis JF331836
Delphinium elatum-1 JX026689
Delphinium elatum-2 JX026690
Delphinium favargeri JF331864
Delphinium halteratum JF331866
Delphinium macropetalum JF331868
Delphinium naviculare-1 JX026683
Delphinium naviculare-2 JX026685
Delphinium naviculare-3 JX026686
Delphinium naviculare-4 JX026687
Delphinium naviculare-5 JX026688
Delphinium tiansthanicum-1 JX026691

Delphinium tiansthanicum-2 JX026692




Figure 1. Locations and haplotype distribution from 15 studied populations of Delphinium
series Fissa in the Iberian Peninsula. Population numbers and haplotypes correspond to those
shown in Table 1.

Figure 2. Median-joining network analysis, based on two cpDNA regions (trnS-trnG and
psab-trnH), of 15 haplotypes identified for the series Fissa species in the Iberian Peninsula.

Figure 3. Mismnatch distribution analysis of Delphinium series Fissa for (A) all studied
populations, (B) D. fissum subsp. sordidum, and (C) D. bolosii.

Figure 4. Divergence time estimated, based on two cpDNA regions, trnS—trnG and psab-trnH,
using the Bayesian relaxed clock methodology with node calibration in BEAST version 1.8.









0,12 -

0,08

0.04 -

"0 5 10 15 20

0.2 -

0.15 1

0.1

0.05 -

‘-_-(- h 4 W Kk N c] & ]

0 5 10 15 20 25

Pairwise Differences

Pairwise Differences

Pairwise Differences

s Exp

m-a-s Obs

s Exp

m-a-s Obs

s F xp

- - Obs



26.16

21.63

15.88

3.64 ——— Aconitella aconiti

5.66 L—————— Consolida regalis

7 91 — Consolida mauritanica

i

= 3.41 l——— Consolida orientalis

Consolida flava

029 H7
1.04 - HB
= H1
=10.29
=lg-74H6
1.74 r H4 W D. fissum
o.wﬁ_w H5
— H9
091~ H2
memm H3
3.04 02 H14
0.79 H15
H10
1.67 H11 = D. bolosii incl.
D. mansanetiaum
H12
1.16 .29
8.32 : H13
074 _ 1146
— Delphinium elatum-1
1.08— Delphinium elatum-2
[~ Delphinium naviculare-1
4.78 044 Delphinium naviculare-2
o] — :@Dm\bEE.S: naviculare-3
L H|c Delphinium naviculare-4
— 4454 = Delphinium naviculare-5
. 0.52 = Delphinium tianshanicum-1
Delphinium tianshanicum-2
2.52 —— Delphinium favargeri

6.47

Delphinium macropetalum

Delphinium halteratum

Aconitum gymnandrum



	Manuscript_accepted_Delphinium
	Table 1
	Table 2
	Figure Captions
	Figure 1
	Figure 2
	Figure 3
	Figure 4

