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Background. Caryophyllaceae is a large and cosmopolitic flowering plant family, however
the systematics of many of its basal groups has been unclear, due to a lack of unambiguous
morphology. Some members of Caryophyllaceae are used medicinally, e.g. Corrigiola roots
in Morocco. Monitoring the trade in medicinal plants is complicated due to the absence of
useful identification characters in plant products such as roots, bark, and powders.
This thesis aims at elucidating the systematics and the ethnobotany of some of the basal
clades in Caryophyllaceae. Methods. A comprehensive sampling from herbarium as well as
market and field collected material was used in systematic studies combining morphological
investigation, molecular phylogenetic and molecular dating analyses. Results. The data show
that Polycarpon is polyphyletic, that Sphaerocoma is sister to Pollichia and shows some
intraspecific variation, that Sanctambrosia falls within the genus Spergularia, and that both
Spergula and Spergularia are monophyletic. Preliminary data suggest that Polycarpaea is
polyphyletic and should be split into three larger and several smaller genera, that the members
of Paronychia subgen. Anaplonychia will need to be transferred to Herniaria to maintain
monophyly, and that Caryophyllaceae emerged during the Paleocene. All the major extant
lineages originated in the Oligocene and diversified later. Using molecular identification it
was possible to identify around 50% of the Moroccan medicinal roots to species level and an
additional 30% to genus level. Discussion and conclusions. The polyphyletic Polycarpon
needs to be split into at least three separate genera, but no name changes were made pending
further research. The two species of Sphaerocoma were merged into one species with two
subspecies. The San Ambrosio Island endemic Sanctambrosia, the only tree-like plant in
Caryophyllaceae, is probably the result of a long distance dispersal event and its woody habit
and gynodioecy are probably caused by inbreeding depression. Sanctambrosia manicata is
transferred to Spergularia. Molecular identification put into practice on traded medicinal roots
has a somewhat lower success rate than most theoretical studies, indicating that a global
barcoding database would need to include reference sequences from a broad range of
populations for each species.
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Abbreviations

APG
BEAST
BLAST
CBOL
DNA
Ma
PAUP*
PCR
RAxML
RuBisCo
s.l.
s.s.

Angiosperm Phylogeny Group
Bayesian Evolutionary Analysis by Sampling Trees
Basic Local Alignment Search Tool
Consortium for the Barcode Of Life
DeoxyriboNucleic Acid
Million years ago
Phylogenetic Analysis Using Parsimony and other
methods
Polymerase Chain Reaction
Randomized Accelerated Maximum Likelihood
Ribulose-1,5-Bisphosphate Carboxylase Oxygenase
Sensu lato (in the broad sense)
Sensu stricto (in the narrow sense)

Introduction

Systematics
People have an innate tendency and need to classify the things around them
in order to be able to communicate about groups of objects rather than having to sum up every item separately. In folk taxonomy living organisms are
often primarily grouped on the basis of their appearance or behavior, and
less commonly on the basis of their pharmacological or nutritional properties
(Berlin, 1992). The vast majority of ethnoclassifications use a number of
ranks from kingdom (i.e. plant) to species or variety. The generic level is the
most frequently used, and children tend to learn generic names for different
taxa before they learn the other ranks (i.e.“maskros”) (Berlin, 1992; Cotton,
1996).
Western modern science groups organisms based on their shared common
ancestry. Using common ancestry as the basis for a classification often covers most of the morphological similarities as well as many chemical similarities in a group, and as such it provides a framework that includes many of
the features that are used in ethnoclassifications and puts them in an evolutionary perspective. In other words, ancestry based classifications make it
possible not only to see which features living organisms have in common,
but also to form hypotheses on how and when these features originated,
which brings us to the exciting field of systematics.
Classification is only one of the aspects dealt with in systematics. Systematics can roughly be defined as the study of the relationships of organisms
through time, and practical outputs from the field include taxonomic treatments, classifications, names, descriptions, distribution maps, and identification keys for organisms, as well as natural history collections for future reference. Hypotheses on the evolutionary history of a group are most commonly presented as phylogenetic trees (see Fig. 1). The science of systematics has developed rapidly during recent years because of the use of DNA
sequence data and the parallel development of many methods to analyze
phylogenetic data. These relatively new methods make it possible to answer
interesting questions on for example the biogeography of a group of organisms, on speciation and species delimitation, and on the evolution of morphological or physiological traits through time.
9

Since systematics largely depends on data collected from extant species,
although the relatively few fossil taxa available are eagerly used and studied
as well, it is an inductive science. Systematists, scientist who work on systematics, can only obtain a picture of the history of the group they work on
by collecting present-day evidence that can be used to formulate a hypothesis. These systematic hypotheses can never be tested as such, but additional
evidence can make it necessary to adjust the hypothesis. This is a fundamental difference from fields in biology that focus on biological processes (rather than patterns) and work in a deductive way (i.e. start off with a hypothesis that is consequently refuted or accepted).

Figure 1. A cladogram showing the relationships of the APG III orders and some
families. The Caryophyllales on which papers I-III focus is highlighted (APG,
2009).
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Other biological sciences, and other sciences that deal with biology such
as anthropology and linguistics, are heavily dependent on systematics, because systematics provides the names and the evolutionary framework necessary to start any further investigation. Also, since systematics aims to describe and explain the Earth’s biodiversity, systematic studies are fundamental in finding areas and taxa that need to be prioritized for conservation.
Flowering plant systematics was revolutionized in 1998 with the publication
of the APG classification (APG, 1998), which was subsequently updated in
2003 and 2009 (APG, 2003; APG, 2009). The use of a slowly evolving plastid gene (rbcL) made it possible to infer phylogenetic relationships at a much
deeper level than had been possible before, when plant systematists were
limited to using morphological and phytochemical characters. It became
clear that the division of angiosperms into dicots and monocots, as had been
the standard since John Ray’s publication of “Methodus Plantarum Novum”
(1682), did not hold anymore, because the dicots did not form a monophyletic group (i.e. the group that includes the most recent common ancestor of all
the dicots also includes the monocots). Nowadays, the flowering plants are
divided into the phylogenetically basal angiosperms (which form a paraphyletic basal grade), the monocots and the eudicots, which in their place have
been subdivided into a number of major groups (see Fig. 1.). The majority of
this thesis focuses on the Caryophyllales, the sistergroup of the clade formed
by the Cornales, Ericales, lamiids and campanulids.

DNA Barcoding
Species identification used to be done solely on the basis of morphology, but
species identification on the basis of DNA sequences has been attempted for
some time as well, in fungi (Gardes and Bruns, 1993), in animals (Arnason
et al., 1991; Tang et al., 1995; Caldeira et al., 1998), and in plants (GarnockJones et al., 1996). In 2003, Hebert et al. (2003) proposed the use of the mitochondrial gene CO1 as the standard barcode for all animals, and this was
readily adopted by the scientific community. Assessments have since shown
that CO1 can be used to distinguish over 90% of the species in most animal
groups (Kerr et al., 2007; Smith et al., 2008). In recent years barcoding research has grown substantially, and worldwide efforts coordinated by the
Consortium for the Barcode of Life (CBOL) are now being focused on retrieving barcode sequences from all organisms (Hollingsworth et al., 2009).
Barcoding in other major groups, such as plants, has developed at a markedly slower pace. Early on, it became clear that the mitochondrial genome
evolves far too slowly in most plants to allow it to distinguish between species (Cho et al., 2004). Various genes and non-coding regions in the plastid
genome have been put forward as alternatives (Kress et al., 2005; Kress and
11

Erickson, 2007; Fazekas et al., 2008; Ford et al., 2009; Hollingsworth et al.,
2009; Chen et al., 2010). In addition to being sufficiently fast evolving, a
molecular barcode must also be flanked by conserved regions that can function as universal primer binding sites for PCR reactions (Kress et al., 2005).
A single barcoding locus combining these two traits has not been found for
plants, and it appears that a combination of two or more, probably plastid,
loci will almost certainly be required to approach the level of species discrimination and universality that CO1 provides for animals (Kress and
Erickson, 2007). In 2009, CBOL proposed matK and rbcL combined as a
universal barcode for land plants, but with the option to supplement it with
one or two other markers (Hollingsworth et al., 2009), for example psbAtrnH or ITS (Li et al., 2011).
Most species concepts agree on species being evolving metapopulation
lineages, but delimiting species is often more problematic (De Queiroz,
2007). The importance of hybridization in plant speciation makes species
delimitation in plants much more complicated than in animals (Soltis and
Soltis, 2009).
Species delimitation based on molecular data in the light of coalescent
theory is being developed but requires many accessions as well as many loci
(Knowles and Carstens, 2007). In an ideal situation, studies at population
genetic level would have to be done for all species in a DNA barcoding database; this is far from being achieved at present and instead a more or less
arbitrary cut-off value for sequence divergence is often used (Blaxter et al.,
2005; Lefébure et al., 2006; Nielsen and Matz, 2006). The main methodological problem with DNA barcoding remains that it is often impossible to tell
the difference between interspecific sequence variation and intraspecific
sequence variation (Lahaye et al., 2008; APG, 2009; Chen et al., 2010). But
notably, the problem to distinguish between intra- and interspecific variation
is widespread in morphological species delimitation as well.
Even in animals molecular barcoding is problematic, since approximately
88% of the estimated 7.8 million animal species lack a formal description
(Will et al., 2005; Mora et al., 2011), and adopting an arbitrary cut-off value
for pairwise sequence divergence distance to speed up cataloguing these
undescribed species would be disastrous for existing taxonomic treatments in
animals (Meier et al., 2006). Also in fungi, another group in which the vast
majority of the taxa are undescribed, an arbitrary sequence divergence
threshold for the nuclear ribosomal ITS region proved to be not feasible
(Nilsson et al., 2008; Schoch et al., 2012). The fields of molecular identification, DNA barcoding, and DNA taxonomy are still very much in development, and are certainly not without practical or theoretical problems.
Despite these problems, DNA barcoding has been applied to a broad
range of problems, including taxonomic studies of cryptic taxa or species
complexes, e.g. skipper butterflies (Burns et al., 2008). Barcoding has also
been used in ecological studies to survey animal diets through the analysis of
12

plant remains in faeces (Valentini et al., 2009), in identifying plant species
from wood samples (Deguilloux et al., 2002), and as a tool to control the
cross-border trade of aquarium fish (Collins et al., 2012). In addition molecular identification has been used in several studies on traditional medicine
(Barthelson et al., 2006; Sucher et al., 2008; Song et al., 2009; Asahina et al.,
2010; Chen et al., 2010; Coghlan et al., 2012). Barcoding lends itself particularly well to these forensic applications where only a small tissue sample
from the organism is available for identification, or where the sample is degraded or has been processed.

Caryophyllaceae
Caryophyllaceae (Fig 2.) is a family of flowering plants that is characterized
by its opposite (except in Corrigiola L. and Telephium L.), usually sessile,
entire leaves, swollen nodes, often five-merous flowers (with Herniaria L.
subgen. Heterochiton (Graebn. & Mattf.) F.Herm., Polytepalum Suess. &
Beyerle, Krauseola Pax & K.Hoffm., and Moenchia Ehrh. as notable exceptions) and central placentation. Many Caryophyllaceae are common roadside
weeds in temperate areas, and a few species are popular ornamentals, notably the carnations (Dianthus L.). Silene L. species are used as model organisms to study the evolution of sex-chromosomes (as reviewed by Charlesworth (2002)). Most Caryophyllaceae are herbs or small shrubs. The few
species that are larger shrubs or small trees (Schiedea Cham. & Schltdl. incl.
Alsninidendron H.Mann, and Sanctambrosia Skottsb.) are invariably endemics on oceanic islands and provide interesting examples of insular woodiness
(Bittrich, 1993). Caryophyllaceae occur almost worldwide, with the exception of most of the wet tropics. Colobanthus quitensis (Kunth) Bartl. is one
of the few flowering plants species that occur in Antarctica. The family is
primarily distributed in the northern hemisphere and most diverse in the
Mediterranean area and the Irano-Turanian region. The closest relative of the
Caryophyllaceae is a group consisting of Amaranthaceae (incl. Chenopodiaceae) and Achatocarpaceae, a small family of neotropical trees (Cuenoud et
al., 2002; Brockington et al., 2009), and they together belong to the coreCaryophyllales although Caryophyllaceae do not produce betalains, like
most of the rest of the core-Caryophyllales.
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Caryophyllaceae has until recently been subdivided in three different subfamilies. Paronychioideae featuring stipulate leaves, Alsinoideae, with exstipulate leaves and free (or only basally connate) sepals and Caryophylloideae with ex-stipulate leaves and connate sepals.

Figure 2. An overview of Caryophyllaceae diversity. A. Corrigioleae - Corrigiola
litoralis L. B. Paronychieae – Paronychia cephalotes (M.Bieb) Besser. C. Polycarpaeeae – Polycarpaea carnosa C.Sm. ex Buch. D. Sperguleae – Spergula arvensis
L. E. Sclerantheae – Scleranthus perennis L. F. Sagineae – Sagina subulata (Sw.)
C.Presl. G. Alsineae – Stellaria graminea L. H. Arenarieae – Arenaria serpyllifolia
L. I. Eremogoneae – Eremegone congesta (Nutt.) Ikonn. J. Caryophylleae – Dianthus deltoides L. K. Sileneae – Silene latifolia Poir. (Photos: A-C: A. Kool; D-K:
Wikimedia commons).

None of these three subfamilies is monophyletic (Smissen et al., 2002; Fior
et al., 2006; Harbaugh et al., 2010; Greenberg and Donoghue, 2011) and
hence the subfamilial classification was abandoned and replaced by a classification at the tribal level only (Harbaugh et al., 2010). The Caryophyllaceae
show some interesting cases of character evolution through the family
(Greenberg and Donoghue, 2011). The most basal clade (Corrigioleae), for
example, has alternate leaves, whereas the rest of the family has opposite
leaves and the basal grade formed by Corrigioleae, Paronychieae, Polycarpaeeae and Sperguleae (with the exception of Minuartia subgen. Rhodalsine
(Gay) Graebn.) has stipules while the rest of the family has not. On the other
hand, many other characters show less clear-cut evolutionary change through
the family. So are all Paronychiaeae, some Polycarpaeeae (Cometes L.,
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Dicheranthus Webb, Pteranthus Forssk., Cerdia Moc. & Sessé ex DC.,
Scopulophila M.E.Jones, and Pycnophyllum J.Rémy), and Scleranthus L.,
Wilhelmsia Rchb., Plettkea Mattf., and Honckenya Ehrh. uniovulate whereas
the rest of the family has ovaries with at least two ovules. Also the presence
or absence of petals is rather randomly spread throughout the family
(Greenberg and Donoghue, 2011), although the petals in many paronychioid
genera are probably staminodal in origin (Petrusson and Thulin, 1996). Possibly because many morphological characters in the Caryophyllaceae appear
to have evolved in parallel, the taxonomy of the family has been notoriously
difficult and recent studies show that almost all larger genera in the family
are polyphyletic (Oxelman et al., 1997, 2002; Fior et al., 2006; Kool et al.,
2007; Harbaugh et al., 2010; Greenberg and Donoghue, 2011).

C4-photosynthesis
In dry conditions plants close their stomata to prevent dehydration through
evaporation. During hours of daylight this will cause an increase of the oxygen concentration in the leaves and decrease the concentration of CO2. RuBisCO the enzyme that captures atmospheric CO2 and binds it to ribulose
1,5-bisphosphate, during photosynthesis, has a relatively high affinity for
oxygen and tends to oxidize ribulose 1,5-bisphosphate at high oxygen concentrations in a process called photorespiration. Several plant lineages have
developed an extended photosynthesis pathway that circumvents this problem, called C4-photosynthesis. In these plants RuBisCO is located in specific cells, often around the vascular bundles (Kranz cell anatomy), but other
cells may play a role in C4 photosynthesis as well. CO2 is metabolically
concentrated in these cells through an additional step in which CO2 is bound
into oxaloacetic acid or malate, which consequently diffuses from the mesophyll cells to the bundle sheath cells. In the bundle sheath cells the oxaloacetic acid or malate is decarboxylated, releasing CO2, which then is metabolized by RuBisCO in the Calvin Cycle.
C4 photosynthesis has evolved independently in almost 70 different plant
lineages (Sage et al., 2011, 2012). Approximately 25 of these lineages are
grasses and sedges. In the eudicots C4 photosynthesis has originated around
23 times in the Caryophyllales and up to ten origins have been found in
Chenopodiaceae (i.e. Kadereit and Freitag (2011)). Other eudicot C4lineages are found in Cleome L. (Cleomaceae), Zygophyllaceae, tribe Heliantheae (Asteraceae), Heliotropium L. (Boraginaceae), Chamaesyce Gray
(Euphorbiaceae), Blepharis Juss. (Acanthaceae), and in Anticharis Endl.
(Scrophulariaceae) (as reviewed by Sage et al. (2011)).
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In Caryophyllaceae Kranz cell anatomy and C4 photosynthesis has been reported from Polycarpaea corymbosa (L.) Lam. (Carolin et al., 1978), whereas several other Caryophyllaceae (i.e. Dianthus caryophyllus L., Petrorhagia
saxifraga L. Silene pedula L., and Stellaria media (L.) Vill.) have chlorenchymatous bundle sheath cells, but no C4-photosynthesis (Crookston and
Moss, 1970).

Economic importance of Caryophyllaceae
Current uses of the Caryophyllaceae family include the use as ornamentals,
such as Dianthus spp. (carnations), Silene spp. (campions), Agrostemma L.
spp. (corn cockle), Lychnis L. spp. (catchfly), and Saponaria L. spp. (soapwort). However, some species are consumed as vegetables, such as Stellaria
media (common chickweed), which is widely consumed in the Northern
hemisphere, and Silene vulgaris (Moench) Garcke, around the Mediterranean. The latter is popular in Spain, Crete and Cyprus as a leafy vegetable.
On the ancient medicinal uses of species in the former subfamily Paronychioideae little is known apart from the uses of Paronychia Mill. and Herniaria
L. Dioscorides mentioned in De Materia Medica that the ancient Greeks
used Epipaktis and Paronychia in traditional medicine. Fuchs in his De historia stirpium commentarii insignes from 1542 interprets the names to correspond to what were later described as the paronychioid genera Herniaria and
Paronychia. Paronychia is mentioned as “growing on rocks, a small shrub,
similar to milkweed, but in the size smaller, with larger leaves, crushed as a
poultice the whole plant cures paronychia [a skin infection that occurs
around the nails, red.].” Epipaktis is mentioned as “a small shrub with small
leaves, drunk against deadly poisons and liver ailments.”
Fuchs’ work inspired the Flemish physician and botanist Dodonaeus, and in
the 1644 edition of his famous Cruydt-Boeck the use of Herniaria or Duysentkoren is mentioned next to a highly accurate drawing of Herniaria glabra
L. (Volume 1, Book 4, Chapter 30, Pages 157-159). It mentions that the
species is used to treat hernia and kidney stones. The former use is reflected
in the genus name Herniaria, but also in the Dutch name breukkruid, the
Norwegian brokkurt, and the English rupture wort. The contemporary Great
Herball, or Generall Historie of Plantes by Gerard (1597) which was based
on earlier work by Dodonaeus repeats these uses.
Paronychioid species that are used presently include Paronychia spp., Herniaria spp., Polycarpaea corymbosa, and Corrigiola spp. (Perry and
Metzger, 1980; Bellakhdar, 1997). The latter genus is important in Berber
and Arab traditional medicine in Morocco. Sargina is a Berber vernacular
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name that refers to Corrigiola litoralis L. subsp. telephiifolia (Pourr.) Briq.
(Bellakhdar, 1997), a sprawling herb that is widely used as a medicinal and
aromatic plant in Morocco. This subspecies can be distinguished from the
mostly annual C. litoralis subsp. litoralis on the basis of its thick woody
roots (Walters and Akeroyd, 1993). The Arab name, bahur al-barbar, refers
to the use of the plant by the Berber people as a perfume (Bellakhdar, 1997).
C. litoralis subsp. telephiifolia occurs commonly in the Rif and Atlas mountains in Morocco and is also cultivated in these areas. Morocco exports approximately 370 tons of Corrigiola roots per year, primarily to Algeria and
India (Bellakhdar, 1997). It is used as a fumigant against coughs, and migraine, and to deter evil spirits. In powdered form the roots are added to food
to treat flu, as an anti-inflammatory, as a diuretic, and in cosmetic products
(Bellakhdar, 1997; Lakmichi et al., 2010).
Sargina is commonly substituted by Silene or Petrorhagia (Ser.) Link
species according to Moroccan medicinal plant collectors (Oarghidi et al,
unpublished data) and may well refer to other groups of Caryophyllaceae as
well (Kool et al., 2012).

Market Ethnobotany
Markets have long been used to study the commercialization and utilization
of natural products, as these mirror a region’s culture and trade, and can give
a rapid insight into traditions, local health problems and the importance of
commercialized medicinal products (Cunningham, 2001; Williams, 2003;
Bussmann et al., 2007; van Andel et al., 2008; Mati and de Boer, 2011; Kool
et al., 2012) (Fig. 3).

Figure 3. A typical herbalist stall in the medina of Marrakech,
Morocco. Photo: Michelle Soares.

17

In addition, market surveys of traded medicinal products can reveal the diversity and prevalence of these items (Williams, 2003; Bussmann et al.,
2007). Market surveys can capture trade and can help to estimate the total
traded species richness (Mati and de Boer, 2011). At the same time it has
been argued that market surveys may also overlook some diversity, and it
has been asserted that species entering commercial trade represent a ‘shortlist’ of a far greater diversity of species used in rural areas (Cunningham,
2001).
Commercial trade is the largest threat to wild medicinal plant populations
in Africa (Marshall, 1998). Medicinal plant collection in Morocco is concentrated in the High and Middle Atlas and the Rif mountains, three areas harboring extraordinary plant biodiversity.
In order to provide a sustainable supply of herbal medicine in the future, it is
important to know which species are in danger of being overexploited. Monitoring and quantifying the trade in medicinal plants to see which species are
traded and or extracted in great quantities, is a first step in developing a system of controlled sustainable exploitation. Priority species for conservation
would be those that are frequently available at herbalists and reported to be
increasingly difficult to obtain. Many of the popular species tend be cultivated, weedy or otherwise abundant, but some of them will be wild-collected
from fragile natural areas, and it is these species that need further attention in
natural resource management plans.
Identification of wild-harvested medicinal plants in trade is complicated,
as most material is traded in dried, shredded or powdered form. Molecular
approaches to identification of both legally and illegally traded biological
material, such as DNA barcoding, allow for the identification up to family,
genus and species level of material that has hitherto been impossible or
cumbersome to identify. These methods have gained much in applicability
and precision in recent years, and have been used successfully for the molecular identification of traded wildlife and CITES-listed plants (Eurlings
and Gravendeel, 2005; Wasser et al., 2007; Eurlings et al., 2010; Mati and de
Boer, 2011; Kool et al., 2012). Most recently, Next Generation Sequencing
(NGS) has been recommended for the development of new forensic markers
for identification of plants (Hollingsworth, 2011), and successfully applied
in the identification of constituents in Traditional Chinese Medicine
(Coghlan et al., 2012).
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Aims
This thesis aims at elucidating the systematics and the ethnobotany of some
of the basal clades in Caryophyllaceae. Paper I investigates the relationships
of Polycarpon Loefl. ex L., a genus with a peculiar geographical distribution. Paper II is a study on Sphaerocoma T.Anderson, a genus of small
shrubs with bristly inflorescences from the coasts of the Red Sea, the Persian
Gulf and the Gulf of Aden, and seeks to investigate its relationships and
taxonomy. Sanctambrosia is the only tree-like plant in the Caryophyllaceae.
In paper III we infer the relationships of Sanctambrosia and discuss the age
of the group in relation to the isolated volcanic oceanic island on which it
occurs. In addition, the thesis attempts to assess the overlap between scientific plant names and the names that are used by local herbalists in Morocco,
by applying a DNA barcoding approach, and eaims to test if it is feasible to
identify plant products using DNA sequence data.
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Materials and Methods

DNA sequence data was obtained by DNA extraction from, in most cases,
herbarium material and, in some cases, live plants, followed by direct sequencing of PCR products. In addition we used sequences published on Gen
Bank.
We used markers from the plastid as well as from the nuclear genome in
all papers. The plastid markers we used are the rps16 intron (papers I, II, and
III), the ndhF (papers II and III), matK, and rpoC1 coding regions (paper
IV), and the trnL-F (paper III) and psbA-trnH (paper IV) intergenic spacers.
From the nuclear genome we used the internal transcribed spacer from the
ribosomal DNA (ITS) and a low copy intron from the RNA polymerase gene
family called RPB2.
In some cases (paper I and II) we obtained polymorphic DNA sequences
and we cloned the PCR products into competent E. coli cells. Separate colonies where then subjected to colony PCR in order to obtain all the different
copies of the PCR product.
We used several different strategies to infer phylogenies based on the
DNA sequence data. PAUP* (Swofford, 2002) was used for maximum parsimony analyses and parsimony bootstrapping in paper I, II, and III, and
analyses using various models for DNA evolution were done using MrBayes
(Huelsenbeck and Ronquist, 2001) in paper I, and RAxML (Stamatakis,
2006; Stamatakis et al., 2008) in paper II, III, and IV.
In paper IV we used BLAST (Altschul et al., 1990) and blastclust
(Dondoshansky, 2002) to identify the sequences we obtained from our market samples of medicinal roots.
Dating analyses were done using BEAST (Drummond and Rambaut,
2007) with lognormal priors for the fossil constraints to account for the possibility that the lineage is older than the fossil.
Morphological features were studied using conventional microscope
techniques and a hand lens for papers I, II, and III.
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Polycarpon (I)

Kool, A., Bengtson, A., Thulin, M. (2007) Polyphyly of Polycarpon (Caryophyllaceae) inferred from DNA sequence data. Taxon, 56(3):775–782.
Polycarpon is a genus of about 8 species. Polycarpon suffruticosum Griseb.
and P. coquimbense Gereau & Martic. are distinctive woody perennials confined to, respectively, Argentina and Chile, whereas P. prostratum (Forssk.)
Asch. & Schweinf. is an annual, widespread in the tropics of both the Old
and the New World. The remaining species, the P. tetraphyllum L. group,
make up a complex of highly similar, annual or perennial taxa mainly distributed in the Mediterranean region, but with P. depressum Rohrb. confined
to California and Mexico, and P. tetraphyllum almost cosmopolitan. Also,
the West Mediterranean P. polycarpoides, the Moroccan P. sauvagei and the
East Mediterranean-Arabian P. succulentum are currently commonly recognized.
We sampled all eight species of Polycarpon, except P. sauvagei Mathez,
along with representatives from ten other paronychioid genera (Haya Balf.f.,
Loeflingia L., Ortegia L., Polycarpaea L., Cardionema DC., Dicheranthus,
Illecebrum L., Pteranthus, Sphaerocoma, and Corrigiola. We sequenced
rps16, a plastid marker that is widely used in Caryophyllaceae systematics
(Oxelman et al, 1997; Oxelman et al, 2002; Harbaugh et al., 2010), as well
as a low-copy nuclear intron, RPB2, for these taxa and inferred a phylogeny
(Fig. 4).
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We showed that Polycarpon prostratum, P. suffruticosum and P. coquimbense are more closely related to species within other genera than to the
remaining species of Polycarpon.
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Figure 4. Phylogram of Polycarpon and its relatives based on rps16 sequence data.
The numbers above the branches denote parsimony bootstrap support and those
under the branches are the bayesian posterior probabilities.

P. prostratum can be distinguished from the taxa within the P. tetraphyllum
clade on the basis of several morphological characters. It has pubescent
stems and leaves, the sepals lack an acute-mucronate apex, the capsules do
not open with involute valves and the seeds are reticulate instead of tuberculate. The pollen grains are also more densely granular in P. prostratum than
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in P. tetraphyllum and P. alsinifolium (Biv.) DC. (Volponi, 2004). Polycarpon prostratum is similar to Polycarpaea divaricata Aiton, Polycarpaea
latifolia Poir. and Polycarpaea nivea Webb in most of these features, Polycarpaea nivea also has reticulate seeds, but is rather different in habit.
The comparatively robust and woody South American species Polycarpon
coquimbense (Gereau and Marticorena, 1995) and P. suffruticosum form a
sister group to a clade with the herbaceous Polycarpaea spicata Wight ex
Arn., a widespread paleotropical species, and Haya obovata Balf.f., endemic
to Socotra.
The members of the P. tetraphyllum clade, containing the remainder of
the species were shown to be a polyploid complex with its main diversity in
the Mediterranean region on the basis of the RPB2 analysis and the overlapping morphological characters in the group. It is proposed that they are treated as a single species, P. tetraphyllum.
P. tetraphyllum s.l. has a unique synapomorphy within Caryophyllaceae
in that it possesses peculiar capsule valves that elastically role inwards causing the seeds to be thrown out of the capsule (Fig. 5).

Figure 5. Polycarpon tetraphyllum. A, sepal, two views; B,
capsular valve with retained seeds, two views. Scale bars 1
mm. Drawn from Rechinger 13046 by Margaret Tebbs.
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Sphaerocoma (II)

Kool, A., Perrigo, A., Thulin, M. (2012) Bristly versus juicy: Phylogenetic
position and taxonomy of Sphaerocoma (Caryophyllaceae). Taxon,
61(1):67-75.

Sphaerocoma is a genus of small shrubs with peculiar bristly inflorescences
that occurs in coastal habitats around the Red Sea, the Gulf of Aden and the
Persian Gulf, as well as along the west coast of Somalia (Fig. 6-7.). We investigated the phylogenetic position of Sphaerocoma using DNA sequences
from two plastid markers: rps16 and ndhF, as well as from two nuclear
markers: ITS and RPB2. We analyzed several specimens from the three recognized taxa of Sphaerocoma (S. hookeri T.Anderson, S. hookeri subsp.
intermedia J.B.Gillett, and S. aucheri Boiss.) along with sequences from
genera that had been found to be closely related to Sphaerocoma in broader
studies of Caryophyllaceae.

Figure 6. Known distribution of Sphaerocoma hookeri subsp. hookeri and
subsp. aucheri.
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Pollichia Aiton, a monotypic genus that possesses berry-like infructescences
is indicated as sister to Sphaerocoma. This Sphaerocoma-Pollichia clade is
sister to a clade with Macaronesian Polycarpaea and the widely distributed
Polycarpon prostratum. Sphaerocoma is strongly supported as monophyletic, but no significant molecular variation within the genus could be detected
and also the morphological characters that were used to describe the two
different species of Sphaerocoma show considerable overlap.

Figure 7. Sphaerocoma hookeri. A–B, subsp. hookeri, from
Thulin & al. 10067: A, portion of plant showing infructescences; B portion of “sterile inflorescence branch”. C–D,
subsp. aucheri, from Bornmüller 161: C, infructescence; D,
bract of “sterile inflorescence branch”. Drawn by Margaret
Tebbs.

We proposed a new taxonomy of Sphaerocoma, where a single species with
two geographically and morphologically defined subspecies are recognized:
S. hookeri subsp. hookeri in coastal areas along the Red Sea in Egypt, Sudan
and Saudi-Arabia, near Aden in Yemen, and in Somalia, and S. hookeri
subsp. aucheri in coastal areas in south-eastern Yemen, Oman, UAE, Bahrain, Iran and Pakistan (Fig. 6). We also designated a lectotype for S. hookeri.
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Sanctambrosia (III)

Kool, A., Thulin, M. (Manuscript) Sanctambrosia manicata (Caryophyllaceae), a giant spurrey on a tiny island.
The vast majority of the members of Caryophyllaceae are herbs or small
shrubs. A notable exception to this is Sanctambrosia manicata (Skottsb.)
Skottsb., an up to 190 cm tall shrub or small tree that is endemic to the island
of San Ambrosio. In paper III we investigate the phylogenetic position of
this peculiar plant and we use a dated phylogeny of Caryophyllaceae and its
sistergroup, Amaranthaceae and Achatocarpaceae, to estimate the age of the
Sanctambrosia lineage.
San Ambrosio together with neighboring San Felix forms Islas Desventuradas, a small volcanic archipelago approximately 850 km west of the
Chilean coast. The combined surface area of the islands is less than five
square kilometers. San Ambrosio has a surface are of 2.4 km2 and a peak
elevation of 479 m. It has 100-200 m high cliffs rising up from the sea and
the centre of the island is relatively flat (Kuschel, 1962), whereas San Felix
is somewhat lower (193 m) and has a surface area of 2.5 km2. The soil on the
islands originated from olivinic basaltic lava and both islands lack permanent sources of fresh water. Based on potassium-argon dating the age of San
Ambrosio and San Felix was estimated to be 2.86 ± 0.14 Ma (GonzalésFerrán, 1987). The Desventuradas are home to around 33 species of vascular
plants (Philippi, 1870, 1875; Johnston, 1935; Skottsberg, 1947, 1963;
Gunckel, 1951; Kuschel, 1962; Marticorena, 1990), of which 25 are native.
Due to its higher elevation San Ambrosio is foggier and therefore somewhat
less arid than San Felix, which may explain why it has a higher plant biodiversity (Johnston, 1935; Kuschel, 1962). Currently, San Felix is in use as an
air base by the Chilean navy, and Cuvertino (2001) reports Mesembryanthemum crystallinum L. and Amaranthus deflexus L., both well-known invasive
species, from San Felix. San Ambrosio has only been temporarily inhabited
by fishermen, but goats and rabbits have been introduced on the island and
M. crystallinum has reportedly spread from San Felix to San Ambrosio (Johow, personal communication).
Carl Skottsberg, a Swedish botanist based in Gothenburg and Stockholm,
first described Sanctambrosia manicata as Paronychia manicata Skottsb. in
1947 based on a sterile branch that was collected by a Chilean fisherman in
1938. In 1963 Skottsberg obtained flowering material of the plant and when
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he realized it was a small tree he accommodated it in its own genus, Sanctambrosia. He suggested that S. manicata may be closely related to Spergula
L. and Spergularia (Pers.) J.Presl. & C.Presl., but noted that S. manicata
differs from these genera in its tree-like habit, gynodioecy, nature of the
stipules, perigynous flowers, and in having uni- and 3-locular capsules on
the same plant.
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Figure 8. Maximum likelihood (ML) tree of combined plastid (ndhF, rps16, and
trnL) and nuclear (ITS) sequences obtained from Spergula, Spergularia,
Sanctambrosia and Minuartia subgen. Rhodalsine as well as several outgroups.
Numbers above branches are ML bootstrap values, numbers below the branches are
MP bootstrap values. Bootstrap values below 50% are not shown. The numbers at
the tips of branches represent different samples of the same species (see Additional
file).
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Using a phylogenetic analysis of DNA sequence data from the plastid genome of S. manicata along with plastid and nuclear data of many samples of
Spergula, Spergularia and Minuartia subgen. Rhodalsine (together forming
tribe Sperguleae in Caryophyllaceae) we show that Sanctambrosia belongs
to a clade of New World Spergularia, possibly together with some of the
Australian species. We also show that Spergula and Spergularia each are
monophyletic and that Spergularia fallax Lowe is sister to the rest of Spergularia (Fig. 8.). S. fallax is generally seen as somewhat intermediate between Spergula and Spergularia, because it possesses whorled leaves (as is
typical for Spergula) and capsules that open with three (and not five) valves
(as is typical for Spergularia). Minuartia subgen. Rhodalsine (in our study
represented by M. vestita (Baker) McNeill, M. platyphylla (J.Gay ex Christ)
McNeill and M. geniculata (Poir.) Thell., is sister to the rest of Sperguleae
and these three species show considerable morphological overlap with each
other. In addition, we dated the Sperguleae phylogeny using a dated phylogeny of the Caryophyllaceae, Amaranthaceae and Achatocarpaceae combined,
based on data from GenBank supplemented with our own sequences. In this
analysis we show that the clade to which Sanctambrosia manicata belongs is
relatively young (3.0-11.6 Ma), and S. manicata may well have diverged
from the rest of Spergularia after San Ambrosio Island originated.
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Molecular identification of roots (IV)

Kool, A., De Boer, H.J., Rydberg, A., Kruger, A., Abbad, A., Björk, L., Martin, G. 2012. Molecular identification of commercialized medicinal plants in
Southern Morocco. PLoS ONE 7(6): e39459.

In paper IV we attempt to identify root material from plants that are sold in
the old Moroccan city of Marrakech with the help of DNA sequence data.
Traditional medicine plays an important role in many North African societies, and not least in Marrakech. The traditional equivalent of the doctor in
Moroccan medicine is the herbalist – a profession that continues to be practiced in Marrakech, manifested by the herbalist-owned drug stores that line
the market districts of the medina, or old town (Fig 9.). In these shops, Marrakech herbalists stock a variety of plant parts and plant-derived products,
sold either separately or in mixtures. In general, these plant parts are harvested in the wild (El-Hilaly et al., 2003), by specialized collectors and reach
the herbalists through middlemen and wholesalers (Bellakhdar, 1997). Many
of the medicinal products that are on sale in the Marrakech medina consist of
roots and barks that are difficult to identify based on morphology alone.

Figure 9. A selection of dried root samples acquired from herbalists in the medina of Marrakech. Photograph: Anders Rydberg.
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Herbalists do often not possess knowledge of medicinal plants in the wild,
and although they will always provide information on the identity and source
of their products, they do not always know which plants they are selling. It is
important from a conservational as well as medical point of view to identify
the products that are on sale in these markets. For example, rare or endangered species could inadvertently be collected if they are easily confused
with their more abundant relatives. Likewise, increasing demands for medicinal products may lead to local over-harvesting extinction of otherwise nonthreatened plant species. Misidentified collections could also lead to the
introduction of toxic or otherwise unsuitable species to the market, with potential health risks to end-users (Ize-Ludlow et al., 2004).
In order to identify these medicinal products we generated a reference database of DNA sequences of four potential barcoding markers (rpoC1, psbAtrnH, matK and ITS) from vouchered herbarium material of plants collected
in Morocco. The plants that were included in the reference database were
selected on the basis of the Moroccan traditional pharmacopoeia
(Bellakhdar, 1997) and included putative medicinal plant species as well as
their relatives. We then obtained DNA sequence data from 111 roots constituting 37 different medicinal products. These query sequences were identified using BLAST and Blastclust, and through inference of RAxML phylograms of the aligned market and reference samples.

Table 1. Sequencing success (%) per group
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Sequencing success was high for rpoC1, psbA-trnH, and ITS, but so low for
matK that we did not use it for the remainder of the study (Table 1). Searches using rpoC1 alone resulted in a number of ambiguous identifications,
indicating insufficient DNA variation for accurate species-level identification. Combining rpoC1, psbA-trnH and ITS allowed the majority of the market samples to be identified to genus level, after a case-to-case assessment of
the results from the BLAST and RAxML analyses considering which species
were present in the reference database. For a minority of the market samples,
the barcoding identification differed significantly from previous hypotheses
based on the vernacular names. We found that the majority of the traded
roots belong to species that are common and not known to be endangered.
Nevertheless, endemic species are sold as well and we found a considerable
level of adulteration, which indicates that some plant species are probably
becoming (locally) endangered. Another important conclusion of paper IV is
that it is more difficult to identify unknown species than earlier suggested,
especially if the reference sequences were obtained from different populations. This implies that a global DNA barcoding database would have to
include sequences from many populations of each species in order to make it
possible to identify species throughout their distributional range.
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Dates and times in the evolution of
Caryophyllaceae

Ongoing project
A reasonably robust phylogeny and a way to calibrate certain nodes with
fossil data enable the estimation of divergence times in a phylogeny. In an
ongoing project we dated the divergence times of all the major groups in
Caryophyllaceae.
To do so we inferred a phylogeny of Caryophyllaceae and its sistergroup, a
clade consisting of Amaranthaceae and Achatocarpaceae, using two coding
plastid genes, rbcL and ndhF. In addition we used several other groups of
Caryophyllales as outgroups. In this phylogeny we calibrated three nodes
using two macrofossils and one pollen fossil. The crown and stem group of
the clade for which Greenberg and Donoghue (2011) coined the phylocode
name “Plurcaryophyllaceae” was calibrated at 40.4 to 33.9 Ma using Caryophylloflora paleogenica G.J. Jord. & Macphail (Jordan and Macphail, 2003),
a Caryophyllaceae inflorescence dated to the middle to late Eocene. In accordance with Kadereit et al. (2005) we calibrated the stem and crown Salicornioideae at 35.4 to 23.3 Ma with Salicornites massalongoi Principi
(Principi, 1926), a stem from the Oligocene. Chenopodipollis multiplex
Weyl & Pflug, a pollen fossil from the Paleocene, was used to calibrate the
Chenopodioideae crown and stem group at 65.0 to 56.6 Ma (Kadereit et al.,
2003) (Fig. 10). The divergence times of the other nodes in the phylogeny
were estimated using BEAST (Drummond and Rambaut, 2007).
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Figure 10. Chronogram of the Caryophyllaceae, Achatocarpaceae and Amaranthaceae (s.l). Differently colored groups represent the different tribes in Caryophyllaceae (A. Corrigioleae, B. Paronychieae, C. Polycarpaeeae, D. Sperguleae, E.
Sclerantheae, F. Sagineae, G. Sileneae, H. Caryophylleae, I. Alsineae, J. Arenarieae). Stars indicate the placement of the fossils.

Our analyses provide evidence that Caryophyllaceae originated around 60
Ma, in the Paleocene. All major Caryophyllaceae lineages had originated by
the Oligocene (34 to 23 Ma) and diversified mainly during the past 20-15
million years. The ages we find for the origin of the Amaranthaceae and the
major clades within that family are largely congruent with the divergence
times found by Kadereit and colleagues (Kadereit et al., 2003; Kadereit et
al., 2005; Kadereit and Freitag, 2011). Also the age estimates presented by
Valente et al. (2010), who reported exceptionally high rates of species diversification in Dianthus, are similar to our estimate for the age of the Dianthus
clade, although our sampling in Dianthus is far from complete. In a study on
the origin and evolution of succulent plant lineages (many of which are also
Caryophyllales) Arakaki et al. (2011) found that most succulent plant lineages diversified during the late Miocene and Pliocene (during the past 10
million years), a pattern they link to the establishment of many extant desert
ecosystems and a gradual decrease in atmospheric CO2. Caryophyllaceae are
generally adapted to dry conditions, albeit not to the same extent as succulent plants. The typical dichasial panicles provide a means to produce seeds
over an extended period of time, allowing optimal use of a variable growing
season limited by drought, and many Caryophyllaceae have somewhat suc33

culent leaves and pulvinate growth forms. Also, a group of Polycarpaea
(s.l.) features C4 photosynthesis, which is another adaptation to dry conditions. It therefore seems plausible that Caryophyllaceae diversified somewhat earlier than the succulent lineages reported on by Arakaki et al. (2011),
presumably during the period just preceding the establishment of many desert areas.
Several members of Caryophyllaceae are endemic to oceanic islands.
Schiedea is restricted to Hawaii, several species of Polycarpaea (e.g. P. carnosa C.Sm. ex Buch, P. filifolia Webb ex Christ, and P. smithii Link),
Dicheranthus plocamoides Webb, Paronychia canariensis (L.f.) Link, and
Herniaria canariensis Chaudhri are endemic to the Canary Islands, Haya
obovata Balf.f., and a number of species of Polycarpaea are endemic to
Socotra, and Sanctambrosia manicata is endemic to San Ambrosio Island.
Of these groups only Dicheranthus plocamoides appears to represent a lineage that is older than the island group it occurs on, but this could also be an
artifact caused by under-sampling of the closest relatives of Dicheranthus.
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Polycarpaea and the evolution of C4
photosynthesis in the P. corymbosa group

Ongoing project
As is already somewhat evident from the phylogenies in papers I and II, we
found that Polycarpaea is a polyphyletic genus. In an ongoing study with
more extensive sampling within and around Polycarpaea we show that Polycarpaea s.l. would need to include Pollichia, Sphaerocoma, Polycarpon
suffruticosum, P. coquimbense and P. prostratum, Xerotia Oliv., Haya,
Scopulophila, Polytepalum and probably also Krauseola and Microphyes
Phil. However there seem to be three monophyletic groups in Polycarpaea
that could possibly be treated as separate genera.
Polycarpaea itself would, in that case, be restricted to the morphologically distinctive group of species that is endemic to the Canary Islands. Its sistergroup, formed by Polycarpaea nivea and P. gayi Webb in Macaronesia
and North Africa would probably be best treated as a separate new genus.
Also P. robusta (Pit.) G.Kunkel an endemic from Lanzarote would probably
be placed in this genus. The widespread Polycarpon prostratum, which is
sister to the P. nivea group and the Canary Island endemics together, would
become a monotypic genus, for which Arversia Cambess. is available. A
second group of Polycarpaea is found in the Horn of Africa region for which
the name Haya Balf.f. is available. A third clade of Polycarpaea s.l. includes
the widespread species P. corymbosa as well as several species from Africa,
South East Asia and Australia. A name for this group is Polia Lour. Polycarpaea is conserved against Polia, but for a separate genus the name can be
put into use again. In this case Xerotia Oliv. would remain a monotypic genus sister to the Polia clade and Polycarpaea repens Asch. & Schweinf.
(sister to Xerotia and Polia together) would need a new generic name.
However, we still need to carefully consider the molecular data and study
the morphology in each group. At this point any name changes would be
premature.
The P. corymbosa (or Polia) group possesses C4 photosynthesis (Sage,
personal communication). According to our preliminary analyses this group
of C4 plants originated very recently (see Fig. 11). Also the molecular phylogeny within the C4 group is largely unresolved, which probably implies
that the group evolved rapidly after acquiring C4 photosynthesis.
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Figure 11. Preliminary chronogram of Polycarpaea s.l. based on RAxML and BEAST
analysis of plastid data (ndhF, rps16 and trnL). C4 taxa are indicated in bold.
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Paronychia and Herniaria

Ongoing project
Paronychia and Herniaria have long been regarded as very closely related
and many species are difficult to place (Pax and Hoffmann, 1934; Chaudhri,
1968; Bittrich, 1993).
The genus Paronychia consists of approximately 110 species in three
subgenera. It is nearly cosmopolitan but has its centres of distribution and
endemism in the Mediterranean Region, Turkey and the Northern parts of
the Middle East, the South Eastern United States and Peru/Bolivia. Most of
the plants are small prostrate herbs, sometimes woody at the base or small
shrubs that often form mats. The stipules and bracts are conspicuous, scarious and often silvery. The flowers are small and perigynous with five often
hooded and awned sepals and lack or have very small petals.
The genus Herniaria consists of approximately 45 species, in two subgenera. A few species are widely distributed in Eurasia and North Africa, but
the rest are narrow endemics in North Africa, Europe, Asia and there is one
species, H. austroamericana Chaudhri & Rutish., in Andean South America.
The plants are herbs or dwarf shrubs that often form mats. If you find this
sentence you will get a bar of chocolate. The leaves are opposite, the upper
sometimes alternate and the stipules are minute. The flowers are small, hermaphrodite or unisexual, perigynous and have mostly plano-concave sepals
lacking a hood or awn. The petals are either absent or very small.
In a study by Oxelman et al. (2002) that was primarily conducted on ITS
and rps16 sequences of Gymnocarpos the monophyly of Paronychia is supported, with exception of two species belonging to the subgenus Anoplonychia (P. kapela (Hacq.) Kerner and P. chlorothyrsa Murb.) that are
included in a strongly supported clade containing furthermore Herniaria
glabra L. and H. hemistemon Gay. Also Philippiella Speg. is included in this
clade on the basis of the ITS sequence. Morphologically Philippiella and
Paronychia subgen. Anoplonychia resemble Herniaria in having nonmucronate sepals that lack an awn.
Fior et al. (2006) and Harbaugh et al. (2010) confirmed the results of Oxelman et al. (2002), but none of them included any additional taxa. Greenberg and Donoghue (2011), did include some additional Paronychia species
in their family-wide analysis, but again only P. kapela and P. chlorothyrsa
were used to represent Paronychia subgen. Anaplonychia.
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We added an additional 15 species of Paronychia subgen. Anaplonychia
in our analyses of the group, and found that the pattern remains the same.
Paronychia subgen. Anaplonychia currently contains around 48 species.
Approximately 30 of these are known only from a few collections
(Chaudhri, 1968). Apparently, the species in Paronychia subgen. Anaplonychia should be transferred to Herniaria, but before this can be done it
will be necessary to assess if all these poorly known species should be recognized.
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Conclusions

In paper I we showed that Polycarpon prostratum, P. suffruticosum and P.
coquimbense are more closely related to species within other genera than to
the remaining species of Polycarpon, the P. tetraphyllum group. The members of the P. tetraphyllum group shows considerable morphological overlap
and we suggest it should be treated as one species.
In paper II we find that Sphaerocoma, which has bristly infructescences is
sister to Pollichia, a monotypic genus that possesses berry-like infructescences. Sphaerocoma is strongly supported as monophyletic, but no significant molecular variation within the genus was detected and also most of the
morphological characters that have been used to separate the two species of
Sphaerocoma show considerable overlap. We proposed a new taxonomy of
Sphaerocoma, where a single species with two geographically and morphologically defined subspecies are recognized: S. hookeri subsp. hookeri and S.
hookeri subsp. aucheri.
We show in paper III that Sanctambrosia manicata, a small tree endemic to
San Ambrosio Island, belongs to a clade of New World Spergularia, possibly together with some of the Australian Spergularia species. We also show
that Spergula and Spergularia both are monophyletic and that Spergularia
fallax is sister to the rest of Spergularia. Minuartia subgen. Rhodalsine is
sister to the rest of Sperguleae and should be treated as a distinct genus,
Rhodalsine. Sanctambrosia manicata belongs to a relatively young (3.0-11.7
My) clade and S. manicata may well have diverged from the rest of Spergularia after San Ambrosio Island originated.
In paper IV we found that the majority of the roots that are traded as traditional medicine in Marrakech, Morocco, belong to species that are common
and not known to be endangered. Nevertheless, endemic species are sold as
well and we found a considerable level of adulteration, which indicates that
some plant species are probably becoming (locally) endangered. Another
important conclusion of paper IV is that it is more difficult to identify unknown species than earlier suggested, especially if the reference sequences
were obtained from different populations.
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Svensk sammanfattning

Caryophyllaceae eller nejlikväxterna är en lagom stor blomväxtfamilj med
ungefär 88 släkten och runt 3000 arter. Familjens utbredning är nästan
världsvid, men den är mest artrik omkring medelhavet och i området kring
Turkiet och Iran. Många Caryophyllaceer är väl anpassade till ett liv i torra
områden. Ett flertal arter i familjen, till exempel inom släktet Dianthus, används som prydnadsväxter och släktet Silene fungerar som modellgrupp för
studier om evolutionen av könskromosomer. Smällglim (Silene vulgaris)
används som grönsak på Kreta och i andra länder kring medelhavet, och
skorem (Corrigiola litoralis) används som medicinalväxt och parfym i Marocko och Algeriet.
I artikel I undersöker vi fylogenin hos Polycarpon, ett släkte som huvudsakligen finns i medelhavsområdet, men som också har representanter i till
exempel Afrika, Sydamerika och Kalifornien. Typarten, P. tetraphyllum,
kommer ursprungligen från västra medelhavsområdet men har blivit vitt
spridd i världen och rapporterades till exempel från Nederländerna på 1990talet. Vi visade att Polycarpon är ett polyfyletiskt släkte vars arter alltså inte
har ett gemensamt ursprung. P. coquimbense och P. suffruticosum från Sydamerika är nära släkt med en grupp Polycarpaea-arter från Afrikas horn
och den vitt spridda P. prostratum visade sig vara syster till Polycarpaeaarter som finns på Kanarieöarna. De övriga Polycarpon-arterna är svårbestämda och karaktärerna som har använts för att skilja dem åt är överlappande, och vi anser att de bäst behandlas som en enda mycket variabel art. P.
tetraphyllum. Fröna hos Polycarpon slungas iväg genom att kapselvalvlerna
elastiskt rullas ihop, vilket är en unik spridningsmekanism inom Caryophyllaceae.
Artikel II handlar om en liten buske, Sphaerocoma, som växer omkring
Röda havet och Persiska viken och längs Somalias kust. Sphaerocoma har
blomställningar som, förutom blommorna, är uppbyggda av sterila skott med
borstlika grenar, som förmodligen spelar en roll vid spridningen av frukterna
med hjälp av vinden eller genom att de fastnar på djur. Systergruppen till
Sphaerocoma visade sig vara Pollichia, en buske med bärliknande fruktsamlingar från tropiska och södra Afrika och den Arabiska halvön. Även fruktsamlingarna hos Pollichia bildas med hjälp av sterila skott och ”bären”
sprids med hjälp av djur. Arterna inom Sphaerocoma, S. hookeri med subsp.
hookeri och subsp. intermedia, och S. aucheri, visade sig ha överlappande
morfologiska karaktärer och DNA sekvenserna är så gott som identiska. Med
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hjälp av en utbredningskarta kom vi fram till att individerna med många och
långa borst i blomställningarna finns i den västra delen av utbredningsområdet och att de som har färre och kortare borst finns i den östra. Vi valde därför att slå ihop Sphaerocoma-arterna till en art med två underarter, S. hookeri
subsp. hookeri i väster och S. hookeri subsp. aucheri i öster.
De flesta nejlikväxterna är örter eller små buskar, men Sanctambrosia
manicata, som kan bli ett litet träd, är ett undantag. S. manicata växer bara
på en liten vulkanisk ö, San Ambrosioön, 850 km utanför Chiles kust. I artikel III visar vi att S. manicata hör hemma bland rödnarvarna (Spergularia),
och den får nu namnet Spergularia manicata. Vår fylogeni visar också att
rödnarvarna och spärglarna (Spergula) är monofyletiska grupper och att
Spergularia fallax, som ibland ansetts vara en Spergula, är syster till övriga
Spergularia-arter. S. fallax har blad i kransar, likt en Spergula, men kapseln
öppnas med tre tänder som i Spergularia. Resten av tribusen Sperguleae
utgörs av undersläktet Rhodalsine i Minuartia, en liten grupp av växter som
till utseendet liknar Spergula och Spergularia och även har en liknande pollenmorfologi, men som saknar stipler. Med hjälp av en dateringsanalys av
hela nejlikväxtfamiljen och familjens systergrupp, amarantväxterna (Amaranthaceae) tillsammans med den lilla sydamerikanska familjen
Achatocarpaceae, visar vi att Sanctambrosia manicata är ungefär lika gammal som ön den växer på.
Artikel IV fokuserar på växter som används som medicinalväxter i
Marrakech, Marocko, bland andra nejlikväxten skorem (Corrigiola litoralis).
Medicinalväxter har en central roll inom sjukvården i Marocko, eftersom
många människor vänder sig till traditionella örtförsäljare eller herbalister
innan de konsulterar en västerländsk doktor när de blir sjuka. Medicinalväxter som säljs i form av torkade rötter eller bark är svåra att identifiera och
herbalisterna vet inte heller alltid vilka växter de säljer, eftersom växterna
hamnar på marknaden genom en rad olika mellanhänder. Just rötter är intressanta därför att de oftast samlas in i Atlasbergerna söder om Marrakech och
därför att det är svårt att skörda dem på ett hållbart sätt; det är nödvändigt att
gräva upp hela växten för att komma åt roten. I artikel IV använder vi oss av
DNA sekvenser och en referensdatabas för att identifiera de rötter som finns
att köpa på marknaden i Marrakech. Vi testade fyra markörer som används
för DNA streckkodning, en identifikationsmetod som utgår ifrån att man ska
kunna identifiera (växt)arter med hjälp av ett par korta DNA sekvenser och
en global databas. Vi kom fram till att det gick att identifiera drygt 50% av
rötterna till artnivå och ytterligare 30% till släkte med hjälp av metoden. Det
visade sig att en femtedel av växtmedicinerna var något annat än det som
står i Marockos farmakopé och att det används en del endemiska växter.
Majoriteten av produkterna kommer från växter som är allmänna i Marocko,
men att vissa av dem ändå ibland byts ut mot andra arter kan betyda att de
lokalt håller på att bli sällsynta.
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Förutom de fyra artiklarna som finns med i denna avhandling, redovisas i
sammanfattningen också kortfattat några andra pågående projekt. En fylogeni över hela nejlikväxtfamiljen har gjorts där de viktigaste grenarna inom
familjen daterats med hjälp av tre fossil som kalibreringspunkter och programmet BEAST som använder bayesianska beräkningsmetoder. Det visar
sig att nejlikväxternas diversifiering har skett under de senaste 20 till 15
miljoner åren, vilket är precis innan de flesta nuvarande ökenområden uppstod. Dateringsanalyser där man använder sig av fossila kalibreringspunkter
ger bara en minimiålder för de olika grupperna och man ska alltså vara försiktig när man tolkar resultaten, även om man tar med möjligheten att fossil
kan vara mycket yngre än grupperna de tillhör i sina beräkningar.
Släktet Polycarpaea har visat sig vara polyfyletiskt i våra analyser. Det
finns tre tydliga grupper, en på Kanarieöarna som innehåller typen för Polycarpaea, P. teneriffae, en på Afrikas horn och den Arabiska halvön, och en
grupp som innehåller den vitt spridda P. corymbosa, ett par andra vitt
spridda arter och en grupp med arter från framför allt Asien och Australien.
Den sistnämnda gruppen är unik i Caryophyllaceae genom att ha C4fotosyntes, en modifierad form av koldioxidfixering som gör det möjligt för
växterna att assimilera medan klyvöppningarna är nästan stängda, vilket ger
dem en fördel under torra förhållanden. C4 gruppen inom Polycarpaea daterades och har förmodligen uppstått under de senaste fem miljoner åren. Arterna inom C4 gruppen är morfologiskt ganska olika, men genetisk svåra att
urskilja. Detta kan betyda att C4 gruppen gått genom en period av snabb
evolution efter förvärvandet av den nya fotosyntesmekanismen.
Det största släktet i tribus Paronychieae är släktet Paronychia med ungefär 110 arter. Ett undersläkte av Paronychia med ungefär 48 arter, Anaplonychia, har visat sig vara närmare släkt med Herniaria (knytlingarna) än
med resten av Paronychia och de ingående arterna kommer alltså att behöva
byta namn. Morfologisk liknar undersläktet Anaplonychia knytlingarna genom att ha trubbiga foderblad, utan spetsig ”huv”.
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